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,
sion. The goal here is to achieve that effect through a robust environment that is identical to an actual 
construction site. Other virtual tools aim for visual immersion, this environment is aiming for spatial im-
mersion. In this context, it is hypothesised that ‘A sandbox style training arena has advantages over linear 
training scenarios for virtual training.”
The key focus of this research is on the application of a common virtual game design framework as part of 
a health and safety training tool for the construction industry. Previous literature concluded that there is a 
distinct lack of examination of game-play elements in the field of serious games (Portnow, Floyd and 
Theus 2010). This research will explore this further and how it would impact on the design and pedagogy 
of serious games. 
Objectives of the research work
The aims of this research are to explore the use of trainee led scenarios in virtual training environments 
and how emergent learning and human centric design can improve user immersion and awareness of 
health and safety. To test the effectiveness of the research hypothesis, it will involve the development of 
an interactive multi-user virtual environment that can be used to generate and implement a H&S training 
experience for planners and site managers. This includes the identification and integration of beneficial 
learning technologies that have been developed in other industries or fields of research.
The objectives are:
• To develop a methodology for implementing a 4/5D construction site within a virtual world.
• To develop a structure and protocol to implement emergent learning behaviour as part of the vir-
tual learning environment using serious game engine.
• To produce a framework or methodology that could be used to implement the knowledge created 
by this research into other construction sites using these tools.
State of the art review
Learning models in engineering education can be improved by including IT support into existing learning 
frameworks (Li 1997). This research is attempting to combine the positive educational aspects of serious 
games with the site management potential of 4/5D modelling. By merging 4/5D principles with the design 
of virtual training scenarios it is hoped that a greater feeling of verisimilitude can be created in the minds 
of the users. Virtual prototyping of construction operations have been shown to be of beneficial use to 
construction operations (Li et. al. 2005). This type of virtual model tends to be a top down affair, focusing 
on management and planning. Could this be useful when oriented from a bottom up perspective? By tak-
ing the site down to a personal scale and using it for different levels of employees’ training, they can pro-
actively experience the site and become aware of some of the potential problems and pitfalls they face on 
site in a safe environment. In this research, the inclusion of game-play frameworks specifically that of 
open world gaming, are being explored to determine if they can also bring similar benefits to engineering 
training.
With an evolving 3D model, the environment can react to site changes to give an accurate view of the site 
at any time. With a traditionally designed environment, changing the model to react to site changes re-
quires a substantial amount of remodelling to show site progress. Incorporating 4/5D modelling into the 
design of the virtual training environment should decrease the work load of implementing schedule based 
site changes. This can be done by linking virtual 3D models to a site schedule that will enable 4-5D model-
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the factors involved vary significantly with the types of accident and the environment [Kim, 2004]. How-
ever, without taking human behaviors into account, any proposed evacuation route plan can neither be 
considered efficient nor effective. Therefore, some important variables from disaster psychology have been 
applied into the evacuation model presented in this paper (see Table 1). Modeling psychological variables 
will enhance prediction of human behavior during evacuations and enhance the accuracy and usefulness 
of the evacuation model.
Table 1: Human Behavior for Disaster Evacuation
Human Behavior Explanation
Homing behavior
When people encounter a disaster, they choose the most familiar paths and 
locations for escape.
Avoidance behavior
When people encounter a disaster, they move away from a fire or other 
danger.
Phototropism
When people encounter a disaster, they move towards a bright place be-
cause they think that is likely to be a safe place.
Conformity behavior 
When people encounter a disaster, they feel nervous and will be impaired in 
making decisions independently, and so most people would follow the 
crowd.
Straight characteristic
When people encounter a disaster, they choose the straight route because 
the complicated route is perceived as more dangerous.
Openness characteristic
When people encounter a disaster, they move towards more spacious places 
because they believe that being in a more open space would help them 
avoid any secondary damage.
Proximal characteristic
When people encounter a disaster, they choose the closest route or stairs to 
evacuate in order to save time. 
Lee et al. emphasized walking speed as a very important factor in evacuation analysis for human safety 
[Lee et al., 2004]. Therefore, this paper also considers the average walking speeds of humans. In our sys-
tem for evacuation route analysis, the types of average walking speed include, for people in a rush: males 
between 15–40 years of age, women below 50 years of age, children between 6–10 years of age, elderly 
persons, and woman with a child under 6 years of age (As shown in Table 2.) The system will randomly 
apply different average walking speeds for different evacuees for the disaster evacuation route analysis to 
be more realistic. 
42
Table 2: Average walking speeds of humans
Item
Walking speed 
(m/sec)
Item
Walking speed 
(m/sec)
Rush 2.5 6–10 year old children 1.12
15–40 year old men 1.52 Elder 0.92
Under 50 year old women 1.38
Woman with a child under 
6 years of age
0.72
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The broad concept of BIM was described and also the areas where the application of BIM might be benefi-
cial. The detail of what, how, when, why and by whom was not explained. Each Business Unit across 
Skanska had to identify a methodology for identifying how best to implement BIM on any given project.
In the UK Skanska had been successful in winning bids for a number of Private Finance Initiative (PFI) hos-
pital projects. In simple terms these projects are part financed, design and constructed and then the facil-
ity maintained for a 30 – 35 year concession period by Skanska. Some issues had arisen during the main-
tenance phase of the hospitals and investigation had identified certain shortcomings in the production 
and subsequent retrieval of information required by the facilities management. It was proposed that BIM 
may provide potential solutions to these issues on future projects in terms of structuring the data, its cap-
ture and the future retrieval from the applied technologies.
2.1 Information gathering from existing hospitals
As part of the process for finding out how BIM could assist with rectifying the issues that had come to 
light during the facilities maintenances phase of the projects, several recently completed and operational 
PFI hospitals were visited. These were hospitals at Walsgrave (Coventry), Derby and Mansfield. On each of 
those projects it was identified that there were varying formats and quality in the production of the room 
numbering system, the asset register (which are key components of the asset coding structure) and the 
operation and maintenance manuals. 
This lack of consistent structure and discipline in the structure of the data capture meant that a lot of ex-
tra and difficult work was created on each project to try and come up with the required information to 
manage the facilities during the maintenance phase. There was also no transference between the projects 
to create consistency within the company even when the issues had been resolved at a local level. This 
means, for example, that facilities management may eventually know what and how many assets they 
have on a particular project but the lack of a standard format means there is no easy way of knowing 
what and how many assets there are across the whole of the estates portfolio. This in turn leads to diffi-
culty in gathering information and gaining an understanding of the overall performance and consistency of 
any given type of asset. Are they efficient, reliable etc. or in other words are the right products being pro-
cured in terms of life-cycle maintenance and replacement criteria, which if not efficient can become very 
costly over many estates over long concession periods.
2.2 Problems Identified and the consequences
From the Facilities Management (FM) perspective the most significant difficulties were experienced be-
cause of the lack of consistency and structure in the following
 Room numbering protocol
The consequential problem associated with the lack of a proper room numbering protocol is that 
it is difficult to identify geographically where assets to be maintained or repaired are located. The 
hospitals investigated each had about 7000 rooms over large estates. As can be appreciated much 
wasted time and effort accrues merely finding out where a particular piece of equipment to be 
serviced or repaired was located.
 Asset Register
In an incomplete and inconsistently formatted asset register FM had difficulty in knowing exactly 
what assets and how many there were to be maintained within the hospital estates. Not knowing, 
for example, how many pumps, what size, type etc. make it impossible to plan maintenance and 
effect repairs efficiently and cost effectively. 
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 b. with limited time (they occur while reviewing the deliveries of the construction materials 
with the limited service life: concrete, solutions etc.).
 c. with the refusal (they occur while reviewing the deliveries of the building structures, 
products and materials necessary for storing if there are some limitations on storage 
spaces, etc.).
 3. According to the order of the requirements service:
 a. in turn - FIFO - first input, first output (they occur while designing traffic processes while 
“from the wheels” assembling, while reviewing the issues on organizing the construction 
equipment repair and considering different requests, etc.).
 b. in the order of the LIFO arrival - last input, first output (they occur while considering the 
process of the construction material expenditure, the expenditure of products and lengthy 
storage warehouse materials, first of all, the bulked ones, in some problems concerning 
traffic processes simulation, etc.).
 c. with priority (they occur while considering scheduling problems that refer to an object 
erection, the construction equipment repair, consideration of different requests, etc.).
 d. at random (they occur while considering the expenditure of stackable building structures, 
products and materials, the analysis of financial processes, etc.).
 4. According to the composition of the service channels:
 a. single-channel (they occur while considering limited throughput capacity system when 
traffic streams, repair and service systems are simulated, etc.).
 b. multichannel (they occur while considering the systems with extended throughput capa-
city, while modeling the schedule of construction object erection at numerous divisions 
with parallel execution phases, etc.).
 5. According to the number of the service steps:
 a. single-phase (they occur while modeling the installment of construction structures, the 
organization of traffic processes, equipment procurements, etc.).
 b. multiphase (they occur while modeling the work of complex construction brigades, in 
some systems of construction equipment repair organization, etc., when the output pro-
cess of service for one phase is the input process for the following phase).
 6. According to the pattern of the channel occupancy:
 a. in the order of the channel release (they occur while modeling the work of complex con-
struction brigades, specialists on repair and service, while analyzing the work of construc-
tion machines and mechanisms).
 b. with the strict order of associativity of the channel and the requirement (they occur while 
modeling the work of the specialized construction brigades, specialists on repair and ser-
vice, while analyzing the work of specialized construction equipment).
 7. According to the limitation of the requirements arrival:
 a. open-loop - with the unlimited process of requirements (they occur while modeling pro-
curement systems, traffic processes, while considering requests, etc.).
 b. close-loop – with the limited process of requirements (they occur while modeling systems 
of the user service, as a rule, connected with the repair of limited base of machines and 
equipment when after service the requirement reenters the input of the same QS).
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The functioning of the simplest QSs (single-channel, open-loop, with unlimited expectation and the 
simplest requirements processes) is formalized in the most common way. The conduct of such a system 
can be represented as the process of state transitions: X0 - the system includes no requirements, X1 - the 
system includes a 1 requirement, …, Xn - the system includes n requirements. In this case the QS work is 
illustrated with a state graph (fig. 2).
Fig. 2: The state graph of the simplest QS functioning.
The probability of the arrival (service) of the next requirement (the probability of the transition in the next 
or the previous state X) for the period of time t for the stationary process is proportional to the time and 
the process intensity (5 - for input and μ - for output). If the processes, acting in the QS, are ordinariness, 
that is for the period of time t exactly one requirement enters or it is serviced, skipping through the ad-
jacent state is impossible. The probability to keep the same state can be defined on the assumption of the 
probability of the divisible group of the disjoint events: the integrated probability for all the arcs proceed-
ing from the event, must be equal to 1.
For the QS satisfying the limitations of Markov chains (the process probabilistic characteristics in the fu-
ture depend only on the current state and do not depend on the pre-history) Markov theorem can be ap-
plied:
Pn = P0 &Πs  where
P0 = {p0(t0), p1(t0), …, pk(t0)} - the row vector of containment probabilities in the condition X0, X1, …, Xk (in 
the system 0, 1, …, k requirements) in the initial point of time;
Pn = {p0(tn), p1(tn), …, pk(tn)} - row vector of the containment probability being in the condition X0, X1, …, Xk 
through n system functioning steps.
The row elements form the divisible group of disjoint events and the total probability on all the vector ele-
ments equals to 1.
'&()
&
∑




 
In fact Markov`s theorem shows that with a sufficiently large n the system tends to the limiting state, 
which is described by the vector Pn.
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To describe the transition in the modeling one can apply Chapman- Kolmogorov differential equation:
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For the stationary process the derivatives equal to 0: (+()) 1   and the system degenerates into the al-
gebraic equations solved as Cauchy problem.
However the given above review of the QS being considered in the organization technological design in 
construction shows that in practice one can deal with more complicated cases. Today the process of 
designing and building (structure) erection in construction is much less formalized that the process of cre-
ating a circuit board, an electronic circuit and a machine building detail. It is determined by the following 
reasons:
 the organizational technological design in construction is not only the process of drawing some 
product, even complicated enough, it is the design of the most complex man-machine system i.e. 
the future environment designated for realization of architects` and designers` ideas;
 the construction of any buildings, structures, complexes implies a connection with the territory 
which determine the concrete construction conditions (climatic, nature conservation, economic, 
transportation, social, etc.);
 every construction site differs in a composition, the type and the designation of the objects under 
construction, the structure and the technological level of construction organizations, the base of 
building industries, builders` community and many others. That is why there are objective com-
plications in projects typification and unification which hampers the CAD adoption immensely;
 while making some product and an aggregate for a single period of time in machine building a 
limited number of specialists, instruments, machine tool stations etc. “cooperate” with the 
product (directly participate in the process of its creation). At the same time due to the compli-
city, the extent and the big size of the “product” under construction (that of buildings and struc-
tures) the whole builders communities, a great quantity of machines, mechanisms and transport-
ation vehicles can take part in the erection process simultaneously;
 if the assemblage (building and assembly jobs) is taken into consideration, the quantity of utilit-
ies, their size, problems with warehousing, keeping, the agreement in their delivery, etc. become 
important construction issues that should be solved within the organizational and technological 
design stage;
 the future “product” size, stationarity and immobility predetermine mobility of production means 
and producers themselves and therefore it requires accounting not only temporal, material but 
also the dimensional aspect as well (one should define not only the issues of when and which 
material resources will be essential but also the way they will interact at the construction site or 
in space). If the first issue (scheduling problem) was paid much attention while applying ma-
chine-computing technique, the second issue (the automation of spatial organization in construc-
tion) is not investigated to the full extent;
 in construction (even more than in other spheres) the aesthetics and design requirements being 
primarily important and practically cannot be formalized.
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2. Role Game As the Way To Introduce BIM Training Course
BIM training course in the form of role project can be regarded as the means to increase quality of educa-
tional process and make it more adequate for real conditions. This course is supposed to gather students 
of different specialties in order to develop common project within a limited period of time. Today this ap-
proach is not used in Russian construction universities.
The main idea is that to divide the total number of the last year students of all specialties into several 
teams consisting of future architects, structure engineers, plumbing engineers, electrical engineers, estim-
ators and other specialists. Number of members in each team may vary depending on the scale of the 
project. At the same time a group of consultants and mentors is formed and assigned to a team. Each 
team is given a schedule of designing construction documentation for a particular object (Table 1). The 
schedule represents the table showing the sequence of elementary design operations and the role of spe-
cialist within the process. Thus the team should first of all take into account the schedule to plan the co-
operation between its members. 
Column ‘Duration’ may contain number of days specified by the consultants and column “Date” should 
fixe the real date when operation is done. The role of specialists (specialists are marked by following ab-
breviations: ENG – General Engineer; GL - General Layout; ARC – Architecture; STR - Structure Engineer; TECH 
- Mechanical Engineer; VEN - Ventilation Engineer; PLM - Plumbing Engineer; EL - Electrical Engineer; EST – 
Estimator) is denoted by “0” and “+” where “0” shows engineer responsible for data (document) issue, 
and “+” -  engineer responsible for acceptance of data (documentation). Column “Notice” is left for con-
sultants and their notes. The schedules like the given one can be used as a task for diploma paper or as 
an obligatory part of diploma paper.
When BIM is developed, it is brought up for a discussion (assessment) to a special committee consisting 
of university’s professors and lecturers which decides whether the model is full, adequate and accom-
plished under determined codes and guidelines. The information model can be directed for further devel-
opment or correction of revealed defects.
Team members have to develop collaboration skills and learn to work with outside consultant. Collabora-
tion is a fundamental concept to the whole BIM process. It helps a learning team to become a team, over-
come obstacles, and make progress. It will be important to have a team that can deal with problems by 
collaborating to generate possible solutions.
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Table 1: Example of schedule of designing construction documentation for multistorey block of flats.
Operation
Duration
(days)
Date
E
N
G
G
L
A
R
C
S
T
R
M
E
C
V
E
N
P
L
M
E
L
E
S
T
Notice
STAGE I
Task for design development 0 + + + + + + + +
Preliminary floor plans, general layout + 0 + + + + +
Reverse task
(-Technological plans, staff, engineering facilities,  
general structural decisions)
0 + + 0 0 0 0 0
General layout scheme, vertical  layout scheme 0 +
Architectural decisions + 0 0
STAGE II
Task for design 0 + + + + + + +
Plans: basement, floors, roofing, well; sections, 
facades.
+ 0 + + + + +
Layout drawing 0 + + + + +
Vertical layout 0 + + + + +
Technological plans, floor loads + 0 + + +
Trench bottom mark + + 0
Foundation + + 0 +
STAGE III
Basement – designing of engineering systems, holes, 
openings.
+ + 0 0 0
Basement – structure + 0
Basement – public quarters plans 0 +
Basement - walls, pillars, columns, ceiling + 0 +
Basement - floors, sections, details + 0 +
1st floor  – designing of engineering systems, holes, 
openings.
+ + 0 0 0
Final plans: basement, floors, equipment, roofs, 
wells; sections, facades.
+ 0 + + + + +
1st floor - walls, pillars, columns, ceiling + 0
Equipment, loads + 0 + + +
Outdoor entrance + 0 + + +
General and vertical layouts – defined according to 
departments’ tasks
0 + + + + +
1st floor - , sections, details, facades + 0 +
Openings and holes: all floors + + 0 0 0
Openings and holes: technical floor and roof + + 0 0 0
Loads specification 0 0 +
STAGE IV
Details, sections, elevations 0 +
Technological decisions + 0 +
Building structures (Part 1) + 0 +
Architectural decisions (Part 1) + 0 +
Building structures (Part 2) + 0 +
Architectural decisions (Part 2) + 0 +
STAGE V
Engineering systems + 0 0 0 +
General layout (including development of nearby 
area)
+ 0 +
Estimation + 0
Project delivery 0 0 0 0
In fact the advantage of BIM is that it provide simulation of construction process in virtual environment 
and that can be very informative, visual and comprehensive idea about construction process as well as 
about all preconstruction work.
If we speak about introduction of BIM training course we should mention the possible obstacles arising in 
this process. Some of them can be related to one (or more) of the following problems: lack of understand-
ing the process (conceptual issues), inability to use the required tools (technical issues), circumstances 
(environmental issues).
Conceptual problems are generally addressed with knowledge about BIM process. Hardly one can find the-
oretical BIM course being lectured today in university. However theoretical background is of important for 
a professional. The students should realize the difference between traditional CAD technology and BIM or 
the difference between surface modeling and parametric one.
The problem of inability to use the required tool can be solved by teaching proper software tools to stu-
dents at the second and third years of studies. It is done because students learn general subjects at the 
first year. Bachelor program lasts 4 years and master – 5 years. So before a student starts developing his 
degree work at the last year he will know the theory of his subject and he will be able to use the neces-
sary tool to apply his knowledge in virtual environment. 
There are some circumstances that indirectly may influence on the team work at the project. These are: 
qualification of lecturers, mentors and consultants; the space in which the learning takes place; the avail-
ability of means of communication etc. 
In any case when decided to introduce BIM the authority of university should investigate the existing level 
of technical and software equipment. Because the task is to prepare the ground for the future continuous 
process of project designing. Otherwise there will be a risk to break up the educational process and lose 
too much time.
There are several keys aspects in successful introduction of BIM in construction university. One of them is 
that the use of real projects makes educational exercise much more meaningful. Whether the model is be-
ing designed (as in architectural or engineering studios) or built from the design drawings, the realty 
factor of an exercise can have many positive effects. The use of the existing information of actual projects 
also makes the challenges of the simulation realistic. Solving problems that are too simple will not help 
much when it is time to handle reality. 
The building information model created by the students may be useful for many purposes. In fact, more 
and more owners are aware about BIM technology and models and would like to apply it in facility man-
agement. But they don’t know how to get such model and how it functions. In this case graduates could 
present the owner (potential employer) their results of the work done within role project and explain ba-
sic moments about information model, its advantages and possibilities. It is a challenge to model already 
existing project and in this case the cooperation between the real owner and the team will motivate the 
latter to do its best.  Thus new kind of service can appear soon, service when civil engineers create BIM 
for existing building and maintain it in proper condition. 
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present using CAD geometry or basic shapes (e.g., cubes, cylinders, spheres, cones, etc.). Complex objects 
are represented by using level of details (LODs), whose definition consists of several geometry descrip-
tions with different levels of detail. Therefore they are sensitive to proximity of the viewing camera. 
The properties of dynamic objects are updated through data server which receives real-time data from the 
sensing technology. The data is bond to the various properties of objects to be visualized. However, most 
relevant information is not explicitly defined in the original data source. Location-characteristic information 
of tracking data from construction resources (people, equipment, material) including velocity, orientation, 
proximity of two or more resources, and the frequency that resources interact with each other, is derived 
from location tracking data. The velocity vector (direction, orientation, and speed) of resources is calcu-
lated through the comparison of its current and previous location. The orientation of object is determined 
via multiple UWB tags placed on the machine(s). One example is computing the distance between several 
dynamic objects (workforce, equipment, materials), and simulating a machine and its subcomponents. 
Compared to raw data, the derived information is more valuable for the stakeholders to make effective de-
cision. Specific algorithm oriented to certain user objective is developed in analytical applications. 
The camera module defines various viewing points in the scene that could responds to several input 
devices. The virtual camera can be attached to any moving objects to provide multiple vantage points. Re-
lations are applied to connect entities in the scene, which represent the interdependency between ele-
ments existing in the real world. For example, the distance between two objects or a projection distance 
between an object and a surface. Figure 3 shows the architecture of real-time tracking and visualization 
system.
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Fig. 3: Architecture of real-time tracking and visualization
3.3 Real-time Data Distribution
In order to satisfy the information requirement of distributed project team, relevant information must be 
delivered not only to the local server but also must be visualized in a remote 3D viewer. It requires that 
the data server of visualization system not only has mechanism of data subscribing and publishing but 
also has capability to take advantage of the current internet and intranet infrastructure. Figure 4 shows 
the architecture of data collection and distribution, data processing and visualization. As the user defined 
three dimensional virtual world is created from the local server, it is shared by multiple users via internet 
or intranet access. 
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5. Conclusions
Although the VR technology has already been widely used on construction design stage in recent decades, 
limited research has covered the application of VR technology in combination with emerging sensing tech-
nology on a construction operation level. A mechanism of implementing real-time data collection and visu-
alization technology in construction industry has been developed and was tested in this paper. The real-
time tracking and visualization system contains real-time data collection, data processing, visualization 
and applications on training. The relevant information for the project team is derived from collected data 
and visualized for support information. The information represents the state of construction resources and 
their inter-relations can be transmitted to other distributed decision makers. Stakeholders are able to in-
spect and make fast decision based on real-time information in an interactive virtual three-dimensional 
(3D) environment and track the output of any changes in the same manner. Several experiments, includ-
ing data collection with spatial imaging and wireless real-time location tracking of construction resources 
(personnel, equipment, and materials) were presented. These show that real-time 3D immersive data visu-
alization has applications in the construction field. Likely areas that will benefit from this technological ap-
proach are interactive construction information data sharing, productivity monitoring, and safety control.
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It must be assumed that models of average complexity – i.e. in the 20-80 MB range – will not create seri-
ous problems. During modelling, the degree of abstraction (level of detail) needs to be given some 
thought. The exact adjustment of the VBE quality requires a high level of experience. Computation time 
will depend mainly on the use of global illumination, since the light model is calculated for each individu-
al case. 
The artefacts of which the 3D model is composed are usually placed on a kind of “greenfield”, and the 
creation of a surrounding environment – albeit at a high level of abstraction – is recommended (Fig. 2). 
During the VBE application generation a virtual baseplate is created automatically. Crossing over the 
“edge” may lead to the user “falling” into empty space, and he will not be able to get back to the build-
ing in “walking mode”. In order to prevent that from happening, it is advisable to provide for a structural 
boundary. 
Normally, users will move through spaces devoid of people. Any desired humanoid figures would have to 
be modelled separately. They would be immobile. This can be compared to viewing physical models, 
where human figures are often placed inside the model. 
The use of “realistic” surface patterns – so-called textures or shaders – can enhance the quality of the vir-
tual model (they may also impair it, if they produce the impression of a multiplied pattern, or “tile 
effect”). The multiplication of a surface texture unit aims at giving the surface the appearance of a homo-
genous material. The edges of the pasted images need to be designed for seamless replication. Most soft-
ware applications offer the choice of mirroring or sequentially arranging patterns. Usually, a texture does 
not consist of a single image of the desired material, but of at least three images which are superimposed 
on the surface to create the desired colour, reflectivity and bump. Creating a realistic materiality in terms 
of colour effect, light reflectivity (reflection, mirroring, gloss, etc.) is a real challenge. Navigation should be 
fast and stutter-free (= computing power), and the impression of the space should be as realistic as pos-
sible. Not unlike the developments with digital data formats in music and photography, we are ready to 
accept certain quality deficits in exchange for compact file sizes or other advantages. 
 
Fig. 2a-b: model representation with (ArchiCAD model) and without urban context (VBE application).
3. VBE from the End User’s Perspective
Der Virtual Building Explorer is a self-running software application for the interactive communication of 3D 
objects and situations. This means that no additional software needs to be installed; a simple double click 
will start the presentation. Even an older computer will be able to cope with the software and the re-
quired starting time seems appropriate. It is, of course, interesting to know to which extent the software 
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is self-explanatory. This question was studied with the help of eight master students who work on themes 
relating to virtual reconstruction. They were sent a demo VBE application of a sacred building and asked to 
explore it on their own and subsequently report on this experience in writing. The idea was to encourage 
free exploring, and “stumbling” was not considered a failure. We were also interested in the students’ 
feedback on using this tool for the presentation of a (no longer existing) sacred structure. The following 
explanation is not meant to be a mere “how to” guide, but also intends to convey the practical experi-
ences made with the tool. 
3.1 Getting started and navigation 
It takes only a short orientation phase to master the controls which are easy to use and intuitive. It is 
worthwhile, however, reading the information about the escape menu provided on the start-up window, as 
it facilitates getting help later on if needed. Users who would like to get the full flavour of navigation func-
tions will have to use that menu, because it provides for a range of navigation options – from fly-mode to 
crouching-mode just about anything is possible. As an occasional user one will frequently consult the key 
shortcut menu. 
The handling brings back memories of game-engine environments, since the letters W-S-A-D or the arrow 
keys are used for navigating. If the user feels unsure about that, the escape key will call up a menu with 
explanations at the bottom of the screen which shows all navigating options. Beginners will move very 
cautiously at first, but as nothing can be destroyed the initial inhibitions will soon be forgotten. 
 
Fig. 3a-b: Using the Virtual Building Explorer (VBE) at the desktop computer: Just view it! Disorientation
in virtual space can be a challenge and sometimes gives users a headache.
The most common modes of locomotion through the virtual model will be “walk-through” and “fly-
through”. Spatial boundaries and objects (walls, furniture etc.) stop the user in walk-through mode and 
the “collision protection” function means that the user is forced to a halt. Therefore, doors must be built 
into walled-in spaces. Only if parts from the ArchiCAD door library are used in the 3D model, will the VBE 
tool interpret them as “doors”. The VBE will not, however, allow the user to pass through any door-like 
elements created with the help of other modelling tools. Stairs are correctly identified, and the viewer can 
walk up or down the stairs. 
In fly-mode, the entire space is available for navigation and the user can move through obstacles such as 
walls like a ghost. A novice will probably sooner or later find him- or herself flying into nirvana and have 
to restart the VBE application to get back to the structure (Fig. 3a-b). Another “tragicomic” situation may 
arise if users (in walk through mode) are not perfectly familiar with the virtual structure and mistakenly 
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leave the building, reach the edge of the baseplate and “fall off the edge of the world”. This can be pre-
vented by erecting a wall or fence around the site.
What is a “classical tour” (Fig. 4) through a Jewish sacred building like? Viewers will first get to the central 
aisle (ground floor), facing the bimah (also called almemor) and the Torah shrine behind it as they pro-
gress. Depending on the religious principles, the bimah – i.e. the rostrum where the Torah is read during 
liturgy – will be freestanding or very close to the Torah ark behind it. The structure and dimensions of the 
main room require the viewer to move his or her head to get enough information about the space. Walk-
ing straight ahead will soon have to stop and viewers need to consider how they want to continue the 
tour. Probably they will want to turn around and perhaps sit down for a short while. Or they may become 
interested in the side parts of the structure and sit down again. Depending on what they are interested in 
they may also want to visit the gallery or the winter praying room, if the synagogue has one. This will con-
clude the tour in every sense of the word. There will also be areas that are not publicly accessible and 
that fact should also be reflected in the virtual model, since the fly-mode gives the user virtual omnipres-
ence and the possibility to satisfy any voyeuristic navigation wishes without restriction. 
Fig. 4: A “classical” tour of the synagogue at Kluckygasse.
3.1.1 Mapmode: superimposed floor plan
For better orientation, the 3D presentation can be overlaid by a line drawing of the floor plan (Fig. 5). This 
feature is also known from computer gaming and provides simultaneous navigation and orientation 
without having to abandon the main scene. The arrow indicates the current direction of view. In shooting 
games, this type of orientation map is indispensable for “looking around corners”. Mapmode facilitates 
anticipation of what lies ahead in large and ramified structures. Full-screen superimposition soon becomes 
irritating, however, and unfortunately there is no way of reducing the map size. There is also an unfortu-
nate association with shooting games which seems very unsuitable in the context of a religious building. 
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Fig. 5: Superimposition of 3D view and the floor plan showing the user’s current position.
3.1.2 Unrestricted movement for the viewer
The movement through the structure is a kind of “digital endoscopic exploration”. The speed cannot be 
adjusted precisely to that of a pedestrian, cyclist or car driver, since the mouse controls the viewer’s 
movement: forward and back, also in combination with moving to the side. Up or down are also available 
options. The eye level and the viewing angle can be accurately pre-set by keyboard entry. The use of other 
user interfaces – e.g. WiiView remote controller etc., could also be considered (Fritz, et al 2009).
Some viewers have the impression of looking into a virtual world through special (blinkered) glasses. Usu-
ally the perspective is at eye level of a walking person. In fly-mode the viewer will of course lose touch 
with the ground. In other words, the overview perspective provided by fly-mode is useful but not particu-
larly realistic. The control options, which are accessible through drag and drop or the right-click context 
menu are convenient. The software also permits one-hand (real-time) navigation by means of the key-
board (acceleration/deceleration of the navigation speed, etc.). In combination with mouse control of the 
direction of view, the tool creates a realistic impression of movement through the structure. Intuitive 
handling is not possible in any situation, though. When the escape menu is open, movement with the ar-
row keys is still possible, but mouse control of the direction of view is disabled. Users who are not aware 
of this will be puzzled why they are no longer able to “pan the camera” with the mouse. 
Fig. 6: The options under the Controls menu.
3.1.3 Layers as information structuring tools
The layer structure enables a better understanding of the view and the structural elements it contains. 
Hiding individual layers serves to highlight particular elements. This option has to be taken into account 
when creating the model to enable the targeted hiding and showing of layers in the VBE. As the layer 
names are taken over from ArchiCAD, choosing clear names for the individual layers is recommended. 
When layer composition is appropriately planned, the layering will also allow for presenting different 
epochs (with different building states). 
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In this research, we have considered design and implementation of an interactive GUI under the following 
key aspects: (1) requirements of BIM systems; (2) multi-touch technology; (3) above-mentioned design 
principles of UI. We also propose seven design principles for GUIs for manipulating the BIM system 
through the internet and multi-touch panels.
 Button design should be simple and meaningful and located in obvious areas to assist users to 
learn how to use the system easily.
 System logo and project information should be located in top-left location for easy visual recogni-
tion.
 Accessing “Button” is a shortcut to assist user manipulate the system efficiently, so designers 
must create useful buttons according to the frequent functions of BIM system. 
 Each page should provide a search toolbar for users to search for and obtain applicable data eas-
ily and quickly – the most important way users discover the integrated data model.
 Providing different view windows for different applications and user needs.
 Designing interfaces to have similar operations, and use similar elements for achieving similar 
tasks. This also enables people to quickly transfer prior knowledge to any new context and focus 
on relevant tasks.
 Providing significant and actual properties of an object to equip users with deeper understanding 
of the process or product. 
4. An Interactive GUI Design and Implementation
4.1 System Framework
This research designed and implemented an interactive GUI based on the Cloud-BIM system that we had 
recently developed. Figure 2 shows how the interactive GUI was implemented according to the design prin-
ciples discussed earlier. We used Silverlight for Rich Internet Application (RIA) and RealityServer for 3D 
visualization in the Microsoft .Net environment, to enable users to access and visualize information 
through Web applications. The system comprises the integrated data layer which includes the BIM and 
Microsoft SQL Server for storing the entire set of information. The following five modules are also provided 
to assist users in project management:
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Fig. 2: System framework
 Management: This module is responsible for managing project information, and provides func-
tions such as create object, update object, delete object and save object. 
 Visualization: This module deals with object visualization in different forms, such like 1D text, 2D 
plan, 3D model and 4D simulation for facilitating users in acquiring the information they need.
 HCI: This module provides functions for users to manipulate the web-based system using a mul-
ti-touch panel. At this stage of research, only basic gestures such like locate, rotate, scale up, 
scale down, and move, have been implemented and supported.
 Query: User can input attributes to search for relevant files and then access the data for viewing 
or printing.
 Statistics: This module provides functions to calculate statistics pertaining to various aspects of 
the project to summarize and understand the current project status.
4.2 Main Toolbox
Figure 3 presents the layout of the main toolbox. The top-left location is the most familiar location for 
starting the use of any system. Therefore, the system name or logo would be easy to recognize when loc-
ated there. Users can also conveniently commence searching for the data they need using the adjacent 
search toolbar. “General Functions” also enable the user to quickly access commonly-used functions such 
as open, save, help and print. In addition, the user can view the location of the construction site in Google 
Maps. At extreme right of the toolbox, User can click specific buttons – 2D, 3D and 4D, to switch between 
different GUIs of different views to browse for and obtain the information they need.
5. Demonstration
An engineering project was used as an example to test and demonstrate the new interactive GUI of the 
Cloud-BIM system. Figure 4 illustrates the 2D UI of our system. The user can select the drawing that is lis-
ted in Frame A and then view it in Frame C. In Frame B, the can click on the relevant button to switch the 
type of drawing list specified in Frame A. Figure 5 shows the UI of the 3D view. The window on the left 
provides the set of buttons for the user to select and view specific objects quickly, such as a column, 
beam or wall, along with data on the objects’ properties. Frame C, is where the visualization of 3D models 
is provided. The 3D view also provides functions for the user to manipulate the 3D models, such as locate, 
rotate, scale up, scale down, and move.
112
Fig. 3: Main toolbox
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The final detailed model of the described sample is shown in Fig. 11. The first Pair of shear walls is limited 
to the lower eight floors, which can be realized on the top left part of the drawing. On the top right the 
result of the column design rule is visible. Since the circle layout part stops at floor eight, the columns 
above are not generated. Also there is no covering slab. So it is possible to produce different occurrences 
of floors using knowledge based rules, even if the topologic model defines identical element locations for 
all floors.
5. Conclusions
In this paper the authors presented a technology to formalize conceptual and detailed structural models 
using a goal oriented ontology for different purpose, for instance in context of an optimization system. The 
described approach can be applied and adopted to a vast variety of designing challenges. Precondition for 
the successful application is the abstract descriptiveness of the system which has to be modeled. Further-
more there has to be a well-defined way to interpret the abstract description for transformation into the 
desired detailed model.
The high level of adaptability is realized by the use of a template based approach in conjunction with a 
knowledge based system. The template based approach allows the user to precisely define an abstract 
design template and its characteristic and limits. Furthermore it enables adding own optimization vari-
ables. The transformation process is controlled by knowledge based rules and formulas. This again allows 
precise control over the transformation process, the interpretation of the abstract design and the creation 
of structural elements.
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4. Conclusions and Recommendations
The BIM process is a key to solve problems stemming from the fenestration industry – the lack of commu-
nication between glaziers. Based on findings of past studies on curtain wall construction, a BIM-based 
framework for curtain wall construction is proposed. This framework can effectively address design, fabric-
ation, installation, and maintenance of glass curtail walls. The implementation of this framework is expec-
ted to be beneficial to glaziers around the world and should help transform the fenestration industry in 
the very near future. 
Suggested future research areas include: (1) to focus more on success case studies of using BIM in the 
fenestration industry, which can expedite the adoption of BIM; (2) to investigate how vender developed 
BIM models can be used for buildings with various complexities, and to what extent. The models should 
not only be 3D, but also 4D and even 5D to incorporate time and cost factors; and (3) to study the dynam-
ic relationship between glass curtain wall design and sustainability. For example, how to enhance the 
building efficiency and safety, reduce risks and waste of resources, promote sustainable development of 
curtain walls, all through the adoption of BIM,.
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Fig. 12: Proposed BIM-based Workflow for the Fenestration Industry
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The final design is, however, processed and developed digitally. For this it becomes necessary to digitize 
or digitally replicate the concept or working model. In turn, in order to evaluate spatial characteristics, the 
designer has an analogue model built from digital data after working up his or her design. The work pro-
cess therefore switches between analogue and digital models but they are not interconnected. A procedur-
al gulf exists, i.e. an interruption of the workflow and flow of creativity. 
The aim of the Augmented Urban Model is to close this gap and facilitate the dynamic transition between 
physical and analogue worlds. Furthermore it aims to support the creative and aesthetic as well as func-
tional and analytical work and design processes by connecting physical and digital models via a mutual 
interface. The concept of the Augmented Urban Model relates to approaches and early projects in the field 
of Tangible User Interfaces (TUI).
3. Tangible User Interfaces (TUI)
TUIs augment and connect physical objects with digital information. The physical objects very often serve 
simultaneously as input and as output devices. They consist of an object-related physical and a digital 
feedback component in the form of visual or auditory feedback (Shaer & Hornecker, 2009). Ullmer (2002) 
distinguishes between three types of TUIs: interactive surfaces (cf. Reactable Systems; Underkoffler & Ishii, 
1999; Ullmer & Ishii, 1997), constructive assemblies (cf. Aish & Noakes, 1984; Frazer, 1995; Raffle et al, 
2004) and token + constraint systems (cf. Perlman, 1976).
The development of TUIs is a response to current interaction techniques, which are based on omnipresent 
input devices such as the mouse and keyboard, as well as graphical user interfaces (GUI), and solve differ-
ent tasks using the same tools and gesture (Wellner et al, 1993). This is accompanied by a loss of tactile 
perception and of interactive diversity. Perception is reduced to its visual component, the screen, and in-
teraction to what can be achieved with a mouse or keyboard (Bruns, 1993).
A holistic approach to the perception of and interaction with form and material, however, plays an import-
ant role in human actions and comprehension, i.e. the mastery of work processes and building of experi-
ence (Bruns, 1993). Studies have shown that rich gestural interaction can enhance creativity (Wang & 
Nass, 2005). Curbing gestures and movement constricts creative thought processes (Klemmer et al, 2006). 
Within the scope of a user study that observed the processing of three-dimensional modelling tasks, Kim 
and Maher (2008) have furthermore shown that TUIs as opposed to GUIs have a positive impact on spatial 
cognition, which in turn enhances the problem-solving abilities of the user. In addition, the use of TUIs 
results in more creative solutions and a more experimental workflow.
Although TUIs only recently became an established field of research in the 1990s, their precursors date 
back to the 1970s and 1980s (Hornecker, 2008). Among those early works are the work of Aish and Frazer 
who focused on user-centered alternatives for CAD applications. The building block system (Aish, 1979; 
Aish & Noakes, 1984) is a constructive assembly with which the user can build physical-digital models. Be-
ginning in the late 1970s, Frazer (1995) worked on intelligent, physical modelling systems. These also 
aimed to enhance and improve the usability of such systems. Several architecture- and urban planning-re-
lated TUI projects were also motivated by the aim of improving the visualisation of designs to facilitate 
better communication with laymen. 
An early example of a TUI from the 1990s is the metaDESK and its tangible geospace application in which 
the user could interact with a map of the MIT campus by using physical icons (Ullmer & Ishii, 1997). The 
metaDESK is an interactive surface that consisted of a table with plexiglas inlay as a screen onto which the 
two-dimensional maps were projected. The common interface elements – window, icons, manipulation 
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points, menus and controls – were translated into physical forms. These so-called phycons were used to 
manipulate the data displayed (Ullmer & Ishii, 1997).
The urban planning tool Urp (Underkoffler & Ishii, 1999) is a similar project that, among other things, used 
small building models as physical tokens. The building models did not only visualise the respective data 
but also directly represented it (Shaer & Hornecker, 2009). Simulation software was employed to solve 
many of the relevant problems in architecture and urban planning such as the calculation of solar alti-
tudes and shadows of buildings at certain dates, wind speed at pedestrian level or reflections off glass 
facades (Underkoffler & Ishii, 1999). The system dynamically adjusted the digital shadows as the building 
tokens were moved around on the table. Additional phycons made it possible to change other criteria (Un-
derkoffler & Ishii, 1999).
Illuminating Clay and Sandscape are more recent projects that focus on the analysis and simulation of 
landscape models. They are organic TUIs made of mouldable materials instead of preset, static objects for 
interaction. The user adjusts their surface and with it the landscape topography as needed (Piper, Ratti, & 
Ishii, 2002; Shaer & Hornecker, 2009). A laser scanner scanned the changing surface geometry in real time. 
The depth image was computed and the resulting digital model formed the basis for different landscape 
analyses (Piper, Ratti, & Ishii, 2002). The results were projected back onto the model surfaces and were 
automatically adapted as the surface changed (Ishii et al, 2004).
4. Augmented Urban Model
In “The Architecture Machine”, Negroponte (1970) proposes an interface that facilitates direct, fluent and 
natural interaction between the architect and computer. This interaction does not require specialised 
knowledge and can take place independently of conventional input devices. Instead the design task is 
worked on “in the designer’s own idiom” (Negroponte, 1970, p. 9). According to Negroponte (1970) this 
would result in a dynamic dialogue and exchange of ideas between man and machine.
As we have seen in the previous chapter, concepts and projects evolved very early on in the history of TUI 
that already came close to Negroponte’s vision of an architecture machine. These connected physical mod-
els and virtual information in different ways. Whereas modular TUIs are suitable for the simulation, analys-
is or representation of buildings and their parts (see building block system and intelligent physical model-
ling systems), interactive surfaces are of interest when dealing with urban problems, analyses and simula-
tions (cf. Urp and Illuminating Clay). The Augmented Urban Model also builds on this conceptually as well 
as technically.
4.1 Concept
As described in chapter 2.3 the Augmented Urban Model aims to facilitate the dynamic transition between 
physical and analogue models in urban planning processes. Interaction with the Augmented Urban Model 
is designed to correspond with the process of working with a physical model so that the interface itself re-
cedes into the background leaving the user free to interact. The interface is conceived to allow the user 
maximum freedom when designing. The designer can use elements of different materials, sizes, forms and 
colours and place them deliberately on the interactive surface of the Augmented Urban Model.
The tangible manipulation of physical elements of the model provides the conceptual basis for user inter-
action with the Augmented Urban Model. The physical elements of the urban model exist simultaneously 
as digital elements of a digital model. They are connected logically so that alterations in the physical mod-
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The Augmented Urban Model facilitates the physical and spatial evaluation of the design solution and sup-
ports the integration of analyses and simulations in the early design phases. Interaction with the Augmen-
ted Urban Model builds on interaction principles that are familiar from interacting with the elements of 
physical models. As a result, the Augmented Urban Model supports architects and planners in various 
phases of the design process, and also makes it easier to communicate with laymen, as it is easy to un-
derstand and operate. 
To conclude, TUIs, such as the Augmented Urban Model, can help to connect together the hitherto inde-
pendent realms of analogue-physical processes and digital processes. In fields such as architecture and 
urban design that have a long tradition of working and designing with physical models, these kinds of 
TUIs can enhance the workflow and help bring computer-aided tools back into a spatial physical context.
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industry due to its well-recognized benefits from such integrated processes. A major change from tradi-
tional 2D drafting to 3D drafting and to BIM design in the AEC industry is on its way.
Along with the development of BIM in the AEC industry, a large amount of BIM-related software has been 
introduced to the market to facilitate BIM implementation. Many companies in the AEC industry have 
found their masters or champions in using different BIM tools. Some claim that being able to master a 
piece or several pieces of BIM-related software equals the success of BIM implementation. However, even 
mastering several pieces of software is just the tip of the iceberg in the realm of BIM. The concept of BIM 
needs to be refined; otherwise, the productivity in the AEC industry will show nearly no improvement in 
the future, a similar trend from 1964 to 2004 shown by the Center for Integrated Facility Engineering (CIFE) 
at Stanford University (Teicholz, 2004). 
Building Information Modeling, if indeed achieved, is a set of iterative processes composed of multiple 
designs and construction activities performed by different entities. Currently many software packages have 
the ability to develop parametric models with necessary data, properties and dependencies. If a project 
can be carried out by a single engineer, there seem to be few issues associated with it, except technical 
ones that can be easily solved; however, projects in the AEC industry, by their nature, are always combina-
tions of multiple input and these combinations are heavily influenced by both engineering related factors 
and non-engineering related factors. Both types of factors play key a role in project delivery, the success 
of BIM implementation and, of course ROI. If these factors are not seriously taken into account when eval-
uating the implementation of BIM, benefits of BIM will be difficult to harness. There are published BIM im-
plementation guidelines such as the “BIM Project Execution Planning Guide” by Penn State University and 
the “BIM Handbook” by Eastman et al. (2008); however, many of these are developed from clients’ per-
spectives or focus on a particular country. This paper is developed based on observation of practitioners in 
the AEC industry, rigorous research in scholarly papers and industry reports to present the following critic-
al factors affecting the success of BIM implementation in a global sense. Exemplary issues associated with 
engineering or non-engineering related factors that affect the success of BIM implementation are presen-
ted in the following sections.
2. Literature review
In 2007, the Center for Integrated Facility Engineering (CIFE) at Stanford University conducted an in-
dustry-wide survey on the use and value of Virtual Design Construction (VDC) and BIM in the U.S. (Gilligan 
and Kunz, 2007) and this study identified and confirmed the benefits and value of BIM. With BIM, projects 
teams deliver clearer communication, better designs, more accurate estimate, and certain add-on values 
such as optimizing designs through energy consumption analyses (Chou and Hsieh, 2009). As the trend of 
adopting BIM and implementing it into practice becomes clearer and has gained much momentum, some 
organization including government agencies, non-profit organizations, educational institutions and military 
units have published their own BIM guidelines. These guidelines were all developed and tailored to satisfy 
the need of associated organizations, mostly clients. 
For example, the American Institute of Architects (AIA) developed “AIA Document E202TM – 2008”to define 
the scope of work in which BIM is involved (AIA, 2008); the Associated General Contractors of America 
(AGC) also helped to develop a document called “ConsensusDOCS 301 BIM Addendum” for similar pur-
poses (ConsensusDOCS, 2008); the Pennsylvania State University developed its “BIM Execution Planning 
Guide (the Pennsylvania State University, 2010)”; the State of Wisconsin developed its “BIM guidelines and 
Standards for Architects and Engineers (the State of Wisconsin, 2009)”; U.S. General Services Administra-
tion developed its “GSA BIM guide (GSA, 2007)”; National Institute of Building Sciences (NIBS) developed 
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the “U.S. National BIM Standard (NIBS, 2007)”; Indiana University developed its “BIM Guidelines and Stand-
ards for Architects, Engineers and Contractors (Indiana University, 2009)”; and U.S. Army Corp of Engineers 
developed its “USACE BIM Project Execution Plan (USACE PxP) (USACE, 2010).” The above mentioned docu-
ments are examples of BIM guidelines and most of them were developed to smooth project delivery pro-
cesses and save hassles for clients. Goals and deliverables of projects are identified in these guidelines so 
that architects and engineers have few problems regarding “what to do.” However, “how to do” or “how 
to implement BIM into design or engineering firms” is rarely presented. The lack of relevant guidelines 
may be due to the fact that those are how advanced firms maintain their competitive advantage and how 
they harness benefits from larger profit margin from being leaders in the industry. Simply put, those are 
their know-how. In 2011, NBS’ BIM report also pointed out withholding such information is how firms exert 
business pressure over their competitors. We believe that guidelines teaching firms how to develop their 
BIM best practices do exist but they, or at least the heart of them, are only available to internal employ-
ees.
Implementing BIM into practice requires much larger initial investment from design firms than clients. 
Many design-authoring tools have other free or relatively inexpensive versions that do not have capabilit-
ies in design but allow clients to review deliverables freely. On the other side, designers have to place 
much larger investment for software, hardware, training, and sometimes organization restructuring. Al-
though the benefits of BIM are clear once BIM is part of firms’ daily work, firms have to survive the initial 
exploring and chaotic phase to harvest them; otherwise, Building Information Modeling is just another del-
icate and expensive Fabergé egg. Recently, National Building Specification surveyed the development and 
adoption of BIM in the U.K. (NBS, 2011) and the report showed that more than two-thirds of U.K. firms 
were either not using or not aware of BIM. Moreover, the report indicated that many firms that are using 
BIM tools do not adopt BIM processes. Some consider BIM as simply 3D designs, a more advanced practice 
than 2D designs. A clear understanding of BIM for all involved stakeholders is necessary.
Table 1: Exemplary Building Information Modeling documents
Name Nature Author
AIA Document E202TM – 2008 Contract document the American Institute of Architects
ConsensusDOCS 301 BIM 
Addendum
Contract document
ConsensusDOCS (mainly drafted by 
the Associated General Contractors 
of America)
BIM Execution Planning Guide Implementation guide the Pennsylvania State University
BIM guidelines and Standards
for Architects and Engineers
Implementation guide the State of Wisconsin
GSA BIM guide Implementation guide U.S. General Services Administration
U.S. National BIM Standard Standard
National Institute of Building Sci-
ences
BIM Guidelines and Standards 
for Architects, Engineers and 
Contractors
Implementation guide/
Standard
Indiana University
USACE BIM Project Execution
 Plan (USACE PxP)
Implementation guide U.S. Army Corp of Engineers
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6. Further Work
Any simulation study would consist of three phases: “Simulation Preparation”, “Simulation Execution” and 
“Simulation Evaluation”. During the “Simulation Evaluation” phase the simulation results are analyzed and 
the process data is manually adjusted in an attempt to satisfy the project’s economic concerns. With re-
spect to the adjusted process data, the simulation experiment is executed again. As for the Evaluation 
phase, it is a cyclic process, which means that after each simulation execution the results are evaluated 
again, and the process data are adjusted and then executed. This cyclic process ends only when the pro-
ject’s concerns are satisfied, so it’s apparent that these manual adjustments and trials are exhaustive in 
regard to time and effort.
The functionality of the proposed CiSmo model covers both the Preparation and the Execution phases, 
whereas the Evaluation phase is left as a manual task. As a result, the researchers at the Institute of Con-
struction Management at the University of Kassel are discussing the automation of the evaluation phase. 
The new proposed approach is to develop an optimization methodology within the simulation study in or-
der to automate the Evaluation phase. This methodology consists of an “Optimization Approach” and an 
“Automation Approach”. The optimization approach is responsible for guiding the simulation run during 
the execution process in order to achieve a better “optimized” construction schedule based on several 
predefined economic criterion. The main economic aspects of a construction project are: planned costs 
and planned duration. Our goal is to keep the project’s cost and duration as minimum as possible by pri-
oritizing the execution of activities along for example the critical paths, and by increasing the utilization of 
the project’s resources which are; Machines, Workers and Materials. 
On the other hand, the automation approach is responsible for adjusting the process data, generating dif-
ferent simulation’s experiments and situations, and then demanding the execution of each new situation 
automatically. It’s suggested that the process data can be modified based on the experience of the previ-
ous finished construction projects and thus different simulation’s experiments can be generated. Further-
more, the number of the available resources in each experiment will be changed according to the value 
ranges, which are defined in the process model, and different new simulation’s situations are generated 
accordingly.
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4. Animation
To create the animation snippets a tool called Animator is used. It loads the work steps, reads in the in-
formation about the animation, and using the necessary parameters creates the respective animation 
snippet. This snippet will be stored in a list and as the animation proceeds the animator checks which an-
imation snippet should be started. In this way a complete animation of the construction site can be cre-
ated.
By way of example, we shall examine the animation of the process of concreting and the associated crane 
movements. In many construction projects, these processes are critical to avoid any potential spatial colli-
sions and their impact on the overall project duration. A detailed investigation of these processes can help 
reduce costs and ensure timely completion of the project.
4.1 Game engine
For creating construction animations we use Irrlicht, an open source game engine [Irrlicht]. In general, 
game engines are development platforms which are highly optimized for visualizing and interacting with 
3D scenes. They usually support real-time rendering and integrate a physics engine for real-time collision 
detection, ray-tracing, gravity field simulation, etc. These features can also be employed for realistically 
visualizing and animating construction site processes, enabling the user to be placed virtually in the mod-
el. The advantages of using game engines for visualizing construction processes have been reported in 
(Yan et. al. 2011), where Microsoft XNA was used for interactive architectural visualization, and in (Nikolic 
et. al. 2010), where the same engine was used for the Virtual Construction Simulator, an educational tool 
for teaching students construction scheduling tasks. ElNimr and Mohamed (2011) used Blender and TrueVi-
sion 3D to create a simulation driven visualization of construction operations. 
4.2 The animation
4.2.1 Parameters
The primary parameters of an animation are those that apply for all the animations: what component is 
animated, when, and how (Section 2.1). While the Preparator defines the objects and the simulation the 
time parameters, the “how” parameters are defined by the Animator. The necessary parameters of each 
animation snippet are the secondary parameters. These can be coordinates, rotation angles, state of the 
object (light, reflection, transparency, diffusion etc.), whether it follows an object and so on, i.e. paramet-
ers that are needed to realize the animation. They are stored together with the work steps in an XML file 
exported from the Preparator, and are extended by the results of the simulation. The Animator reads in 
this file and the included work steps. It then loads the connected 3D object of the work step into the 
scene, and creates the appropriate animation snippets using the predefined parameters. When the pro-
cess finishes, the animation can be started. Using this concept the manual effort of producing an anima-
tion is significantly reduced by dramatically increasing the degree of automation. The user needs only 
define the connection between the 3D object and the construction process, define some extra parameters 
for movements or rotations, and to initiate the simulation and the animation. The remaining steps all hap-
pen automatically.
4.2.2 Hierarchy
We define five levels of animation (Fig. 3) according to the hierarchy of the construction processes gener-
ated using the Preparator (Level of detail approach – Wu et al. 2010, Dori et al. 2010). The basic level of the 
animation is the animation snippet (Level 5). A snippet always changes one secondary parameter of the 
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 7. Drive concrete mixer to the construction site: 3D-movement or Follow-Spline animation.
 8. Transfer the funnel hopper to the mixer: Crane animator.
 9. Fill the funnel with concrete: size-changing animation.
 10. Transfer funnel hopper above the base object: Crane animator.
 11. Filling concrete:
 a) Release concrete from funnel: size-changing animation.
 b) Fill concrete to the base object: size-changing animation.
 12. Transfer funnel hopper back to the truck: Crane animator.
 13. Loop steps 8-11 until the base object is fully filled with concrete.
 14. Return funnel back to storage area: Crane animator.
 15. Drive concrete mixer away: 3D-movement or Follow-Spline animation.
 16. Curing time: change surface reflection.
 17. Dismount formwork: Crane animator – move formwork elements back to storage area.
An animation snippet is used for each of the individual steps. In this case the construction method (anim-
ation package) comprises 17 animation snippets. Following the hierarchy, the construction method is 
made up of four work steps (animation sets): mount formwork – mount reinforcement – fill concrete – re-
move formwork. The mount formwork animation set is comprised of the animation snippets 1 to 3, the 
mount reinforcement animation set of the snippets 4 to 5, the fill concrete set of the snippets 6 to 16, and 
the remove formwork of snippet 17. Accordingly, different work steps may comprise different numbers of 
animation snippets. The animator knows which animation snippet has to be created for each work step, 
so all these animation snippets will be defined automatically during the file importing process.
The list provides an indication of the kind of tasks an animation snippet can visualize. The 3D movement 
and the Follow-Spline animation snippet play important roles. These animation snippets are mostly used 
for animating vehicles, machines and workers. A 3D movement is a straightforward linear movement 
between the start and the target point. The Follow-Spline animation is similar, but instead of moving lin-
early the object follows a spatial curve. It is used, for example, when the surface of the terrain is not flat, 
or a road is not linear.
The next generation of this animation snippet is the surface following movement snippet. For this, gravity 
field and collision detection methods must be implemented in the model. This kind of animation is famili-
ar from first person shooter games, where the camera (viewpoint) follows the terrain at a predefined 
height as the user moves (the first-person). This capability is used to ensure that trucks and other ma-
chines will automatically stay on the surface, or drive between points on the surface of the terrain.
Another very important animation snippet component is the crane animator. The crane plays a significant 
role on the construction site and a special tool is created to automate and control the animation of the 
crane movements.
4.3 Crane Animator
The crane animator facilities the automatic creation of an animation transporting an object from its place 
of origin to a target coordinate by means of a tower crane. The carrying process is executed along a pre-
defined path, but with real-time collision-detection and path-correction during the ongoing animation. Col-
lision detection and path correction is important when there are other objects moving on the construction 
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Increasing requirements for different companies participating in a single project to collaborate on the 
same data sets only makes data integration task more difficult. Project managers and engineers want in-
stant and convenient access to information to be available from different parts of the world on a multi-
tude of devices. Globally available and fast Internet access also means that information is now expected 
to be retrieved quickly and efficiently. Since a lot of companies already have and are constantly improving 
their enterprise portals, they are valuable information hubs to access, manage and even visualize engin-
eering content. Thus our focus is to enable efficient information access from web portals utilizing the 
latest web standards and technologies.
Part of the engineering content is 2D and 3D design data, which in global practice has proved to be diffi-
cult to manage. Presenting such information in web browsers is even more complex, as there are no 
standards for 3D graphical content on the web and most solutions to this issue include creating custom 
proprietary plug-ins. While this does provide an access to the GPU resources, plug-in approach introduces 
the whole new set of issues. It is difficult to predict which technologies will become obsolete; however our 
research has focused on one existing 3D content presentation solution, which seems to be the most com-
patible with the existing standards and new technologies. Our aim is to combine the results of these re-
search topics to propose an efficient information integration platform, able to deliver 2D and 3D engineer-
ing models along with the accompanying data to the web browsers.
2. Background
2.1 Knowledge Integration
2.1.1 Data integration
Many companies in the current industry deal with the fact that the information is dispersed between mul-
tiple systems. Public web search engines are mostly useless if information needs to be retrieved from in-
ternal sources – documents, files or databases which do not have globally available access points. There-
fore such information needs to be managed, cleansed and indexed separately. In the oil and gas industry 
where a plant operator may be responsible for delivering timely information to the owner and at the same 
time gets information from contractors, sub-contractors and designers, the need of fluent information ex-
change is only increasing.
As information is delivered to the managing organization, several issues arise. Information coming from 
different sources usually comes in different formats and needs to have different importing/transformation 
routines. Companies often employ the concept of a staging area system or operational data store (Brazh-
nik and Jones 2007) for an intermediate step, where data is cleansed, validated, merged and then usually 
pushed to storage systems like data warehouses and document management systems.
The other issues with the data integration lie within the semantics of the data. Since data is coming from 
multiple suppliers, the same concept may have different meanings in different companies or even in sep-
arate branches of the same company. Ontologies are used in research and global practice (Wache, et al 
2001, Kalogerakis, et al 2006, Lima, et al 2005, Anon., 2011f) to map different datasets to classify and map 
information semantics.
It is also very likely that data pieces will have different identifiers, even if they refer to the same physical 
or virtual object. Digital object identifiers are already used to create a globally accessible, secure system 
for identifying and finding books, documents, magazines or other published articles on the web. Digital 
object identifier records usually contain metadata with additional identifiers used in referenced systems 
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and a URL for accessing the object over the web (Paskin, 2009) and therefore such system could be used 
to map all the available identifiers to a single global identifier.
Key process in the AEC industry is the Building Information Modeling (BIM). Having multiple international 
standards it is a conceptual way of creating and managing various building data during the project life-
cycle. It is a steadily growing area as more and more companies realize the benefits and integrate model 
data with the additional non-design information, which later allows not only 3D but also 4D (over time) 
and 5D (including cost) simulation. As some research suggests there is still room for improvement as 
many smaller companies lag behind with implementing BIM in their processes and many find it too com-
plex (Howard and Björk, 2008); and semantic interoperability between BIMs and in building information ex-
change between different applications from different disciplines continues to be a problem (Yang and 
Zhang, 2006). As this is a conceptual definition, the reality shows that there can be a wide range of pos-
sibilities in the 3D BIM approach, highly dependent on the way the participants of the project interact and 
how the BIM is used (Grilo and Jardim-Goncalves, 2010).
In the narrower field of oil and gas industry the international ISO15926 standard for information integra-
tion, handling and exchange between computer systems has been developed. The standard does not en-
force the internal systems to be redesigned, nor proprietary data to be exposed to the outside systems. 
However once the systems implement the standard, computers should be able to exchange information 
without human intervention (Anon., 2008b). Having developed a generic data model and a reference lib-
rary it turned out being able to model any state information (Wikipedia contributors, 2011a). However 
since it employs the theory of non-well-founded sets and is able to model non-terminating relationships 
(Aczel, 1988) the learning curve of such concept is very steep. It was debated (Smith, 2006) that a more 
familiar and simpler logic like Common Logic (Anon., 2008a) could be used to achieve similar results.
2.1.2 Knowledge sharing
Information integration and storage systems play critical role in the modern business and project manage-
ment processes. They provide engineers with the information needed to perform actions ranging from day-
to-day maintenance to critical situation management operations. Not all of the required information is 
stored in the information systems though; in fact most of it resides in the minds of the companies’ em-
ployees (Nemati, et al 2002). The global population is ageing (more so in the industrialized countries) and 
because of the limited hiring and other factors it was predicted that a lot of the currently working engin-
eers are due to retire in the next 10-15 years. A lot of the experience had been gathered at the time when 
there were no modern information systems. More intelligent systems and work processes are needed to 
allow and to encourage the employees to share the tacit information, store and convert it into explicit in-
formation, available for a new generation of engineers.
Not all information integration systems are suited for the knowledge management. Some companies are 
well known for their knowledge management practices. BP, for example, proved that helping to create 
communities of practice, introducing learning processes and creating environment where people are will-
ing to share knowledge can be very beneficial (Edwards, 2007). It was also noted, that sometimes a simple 
tool (like a good search engine) can be more useful for the knowledge management than a complex one.
2.1.3 Web portals
Web portals present a convenient way of consolidating the information search mechanisms. Technologies 
are mature enough to deliver different types of content inside the browser – data, pictures, video clips, 2D 
and 3D models, documents, etc. It is common for the project contractor in the AEC sector to share inform-
ation and responsibilities with the owner and subcontractors (Schramm, et al 2010), which may be located 
in different parts of the country or even different parts of the world. Portals can integrate information from 
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In 2007 VRML was superseded by the X3D standard. It is now based on XML markup language, new fea-
tures for humanoid animation, lighting and texture rendering were added, and it also enhanced the pro-
gramming interfaces. However the new standard has some of the same issues as it still requires plugins 
to display 3D content inside a browser and it defines a separate event system. It has separate profiles 
(one being CADInterchange) exposing different functionality, so developers can choose which features they 
wish to support. 
2.2.2 JAVA3D, JOGL
Java3D is a high level language concept using VRML/X3D scene graph model and developed by Sun. Tech-
nology enables utilizing the GPU resources by using either Open GL or DirectX API. Not being part of the 
Java runtime environment, it requires additional Java 3D runtime environment to execute. It never 
achieved mass user adoption and Sun dropped the support of the framework in 2008 and is now support-
ing a low level programming interface called JOGL able to bind to the OpenGL API. Some research has been 
done using Java3D (Tay and Roy, 2003) and even more tying together VRML/X3D and Java3D (Li, et al 2004, 
Walsh, 2003, Ková) as this enabled web applications to access desired GPU resources. 
2.2.3 ActiveX
ActiveX is a Microsoft technology for defining a framework for creating Component Object Model (COM) 
based user controls. The controls are language independent and have access to various computer re-
sources – GPU, disk file system, networking and others, otherwise inaccessible by the browser and can 
provide functionality like displaying certain file contents, animations or gather data. Since control defini-
tions are embedded in the HTML code, a user viewing such page, is presented with an opportunity to 
download and run the control in the browser. This behavior has led to many security concerns in the past 
and was extensively utilized by malware. Though effort has been made to implement the ActiveX function-
ality in Firefox, it remains a Microsoft-specific technology. Some projects like VectorDraw are still running 
(Anon., 2011j) and some commercial software implement ActiveX components, however if a web portal 
seeks to target a wider range of operating systems and devices, this does seem to be an attractive solu-
tion. 
2.2.4 Flash, Shockwave
Flash and Shockwave are Adobe frameworks to deliver rich media content to the web. Both of them are 
plugin based technologies, though they differ in implementation. Shockwave has full 3D GPU support and 
is extensible through the use of Xtras. Adobe Director is the only content creation tool that is able to pro-
duce Shockwave (.dcr) files. Flash had multiple authoring tools available and it got popular very quickly. 
Today it is believed to be installed on the absolute majority of the computers on the web delivering 
videos, sound and animation to the browsers. Flash got 3D hardware acceleration with the version 10, and 
the new API now supports features like cubic textures, z-buffering, fragment and vertex shaders, etc. Mul-
tiple projects have spawned using the Flash API like PaperVision3D (using 2D Flash API) (Anon., 2010) and 
later PaperVisionX (using 3D API), however development seems to have stopped and it is not clear what is 
the future of the project. There are now other Flash 3D engine projects like Away3D (Anon., 2011a), so this 
space is still worthwhile to look after.
2.2.5 WPF and Silverlight
These are Microsoft frameworks for creating rich internet applications, delivering animation, vector graph-
ics, video and sound and targeting similar user base as the Flash technology. Employing XAML (a version 
of XML) to define links between its elements it utilizes Direct3D to display content so it also has access to 
the GPU resources. Silverlight is built on top of WPF and sharing the same presentation layer focuses more 
on visualization and user controls. The 5th version of Silverlight, which is now in beta (Anon., 2011h), ex-
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poses both 3D (based on XNA) and 2D APIs with DirectX/Direct3D support. This, however, seems to elimin-
ate the immediate possibility to utilize the 3D API on non-Microsoft operating systems (MacOS, Linux, An-
droid, etc).
2.2.6 WebGL
Started as a Mozilla project to create a JavaScript wrapper library for the OpenGL it is now becoming a ma-
jor player in the Web3D arena developed by the Khronos Group, which released the first WebGL specifica-
tion in 2011 (Anon., 2011k). Conforming to the HTML5 standards, it utilizes the Canvas element to render 
the 3D content inside the browser window. New versions of Mozilla’s Firefox, Google’s Chrome and devel-
opment versions of Apple’s Safari and Opera browsers support the WebGL natively. This is a huge bonus to 
the web developers as it means that the majority of browsers on the web will soon be able to render 3D 
content without any plugins needed. 
There are several issues in WebGL implementation as well. Since it is a JavaScript based library, it heavily 
depends on the features and execution speed that the language provides. However with JavaScript per-
formance increasing with each browser engine generation, the speed is only expected to increase. It is 
also a low level library, so requires quite a bit of knowledge about vertexes, transformations, shaders; this 
implies a higher level of complexity while of course allowing a higher degree of control. Also recently an 
independent security company published a report (Farshaw., 2011) pointing out security issues present in 
the current WebGL implementation, which allows malicious code to be run and either make the machine 
unusable or put “users’ data, privacy and security at risk”.
Numerous libraries utilizing WebGL are already available – SceneJS (Anon., 2011g) implements a scene 
graph, SpiderGL (Benedetto, et al 2011) allows developers to concentrate on the higher level objects, 
without forcing to comply with the scene graph paradigm or deal with the low level calls to the OpenGL 
API and many more similar approaches like C3GL(Anon., 2011b), GLGE (Anon., 2011c), etc.
2.2.7 Other approaches
Custom approaches merging several of the mentioned frameworks must also be mentioned. It seems that 
research mostly focuses around integrating VRML/X3D with other technologies. With Java3D already men-
tioned, a DWeb3D framework implementing collaboration, interaction with other applications and persist-
ence was proposed (Quintella, et al 2010) to ease the development of applications by linking X3D model 
with the Unity3D engine.
Probably the most promising technologies are those which try to integrate X3D structure into the browser’s 
DOM tree. Considering that quite a few authoring and design programs for creating engineering 3D content 
utilize scene graphs in their data formats, and that DOM tree itself is a single-parent graph, it only seems 
natural to be able to easily transfer and arrange the 3D objects inside the XHTML code. X3DOM implement-
ation “acts as a connector for the HTML5 and X3D world and content” (Behr, et al 2010). It suggests a new 
X3D profile, implementing only the features required by the X3DOM model and isolating others. This and 
further work (Jung, et al 2011) allows the 3D content to be delivered to any X3D enabled browsers (sup-
porting it either natively, by means of an X3D plugin, or falling back to WebGL library or Flash plugin) on 
multiple platforms. 
XML3D project (Sons, et al 2010b) goes even further, as it strips even more functionality from X3D and tries 
to utilize the visualization and scripting components already provided by the CSS and DOM events. It of-
fers two implementations – one WebGL and JavaScript implementation is more limited as “DOM scripting 
does not currently provide access to all CSS properties of an element or the possibility to attach event 
listeners to style changes”, rendering is limited to the “hardware-accelerated rasterization” and while be-
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nonlinearly and discontinuously, so determining the least number of viewpoints to measure all the sur-
faces is difficult.
Accordingly, we define one of the problems dealt with in this paper as follows:
[Problem 1] How many viewpoints do we need to measure all the surfaces of measurement objects in the 
target area?
Too few viewpoints may cause a deterioration in the quality of meas-
urement. Therefore, we want to maximize the amount of data under 
the limitation of the number of measurements.
From this fact, we must consider the following problem:
[Problem 2] How we can determine an optimal layout of viewpoints to 
maximize the amount of scanned data under the limitation of the num-
ber of measurements?
In this paper, we propose a method for solving Problems 1 and 2 using 
mathematical programming.
In this research, we approximate the surfaces of measurement objects by triangles (Figure 1). The defini-
tion of this triangulation will be explained in Section 4. Moreover, we suppose that candidate points for 
measurement are placed in the target area beforehand. 
3. Mathematical Programming Models
In this section, we formulate Problems 1 and 2 as 0-1 integer programming problems. As discussed above, 
these models have been proposed in the previous research (Dan et al., 2010). We use the same model in 
this paper.
We will use the following symbols in the mathematical programming models in this paper:
[Sets and Indexes]
  ∈ : candidate points for measurement,
  ∈ : triangles on the surfaces of measurement objects.
[Variables]
⎩⎨
⎧
 	

	
	

	
	
	
	
 

[Parameters]
⎩⎨
⎧
 	
	

	
	
	
	
	 
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Fig. 1: Triangulation
of natural terrain

We calculate the value of parameters from 3D information on the target area. The calculation method will 
be introduced in Section 4.
In this paper, we use these two mathematical programming models (Dan et al, 2010):





	 









∈∀
∈
≥∑
∑
∈
∈
(1)
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∑
∑
∈
∈
∈∈
(2)
The objective function of (1) is to minimize the number of viewpoints. Also, the term  in the first con-
straint of (1) means as follows:
⎪⎪⎩
⎪⎪⎨
⎧





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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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Therefore, the first constraint of (1) means that all the triangles should be measured from one viewpoint 
at least.
The term    of the objective function of (2) means as follows:
⎪⎪⎩
⎪⎪⎨
⎧





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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	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Therefore, the objective function of (2) is to maximize the sum of the amount of scanned data. In addi-
tion, the first and third constraints of (2) are the same as that of (1). Moreover, the second constraint of 
(2) is to restrict the number of measurements less than or equal to  .
As we see above, the mathematical programming problems (1) and (2) are the counterparts of Problems 1 
and 2, respectively.
4. Calculation of Parameters’ Values
In this section, we explain the method for calculating the parameters’ values needed in the mathematical 
programming models (1) and (2).
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4.1 Preliminaries
4.1.1 Orientation of Faces of Triangles
In this research, we assume that the two faces of tri-
angles on the surfaces of measurement objects have 
an orientation. The orientation is determined by a se-
quence of three vertices. If the sequence of three ver-
tices, "# 	 			 , is anticlockwise on a face, then 
the face is the positive side (Figure 2, left). Other-
wise, the face is the negative side (Figure 2, right). 
Also, we can judge whether a face is positive or neg-
ative by using the cross product (Figure 3). It is well known that the cross product  "# 				 −×− is a 
normal vector of the plane which includes "# 	 			 . In this case, the normal vector by the cross 
product emerges in the half space of the positive side of the triangle
"# 			Δ .
In this research, we assume that we have to measure the positive side 
of each triangle.
4.1.2 The Signed Area of Triangles and an Intersection Test for 
Two Line Segments in 2D
First, we define the signed area of triangles in 2D. We can calculate the 
signed area of a triangle by
#
 #""#"# 



			 −−−−−Δ ,
where the three vertices of the triangle are 
	 """### 
	
	
	 . Note that this value could be negat-
ive. If it is positive, then the sequence "# 	 			  is anticlockwise, 
that is, "# 			Δ  is positive. In other words, "	 is on the left side of 
vector #		 . If it is negative, then the sequence "# 	 			  is clock-
wise, that is, "# 			Δ  is negative. Also, if it is zero, then "# 	 			
are collinear.
Moreover, by using the signed area of triangles, we can judge whether 
two line segments in 2D intersect or not. For the two line segments,
$"# 	 				 , the conditions
	 #$"$"$#"# ΔsΔΔsΔ 												
hold if and only if the two line segments intersect.
4.1.3 An Intersection Test for a Triangle and a Ray in 3D
In this section, we explain a method for judging whether the triangle
Δ and the ray vector 	  in 3D intersect or not (Figure 5).
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Fig. 2: Orientation of faces of triangles
(left: positive side, right: negative side)
Fig. 3: Judgment of orientation
of triangles by the cross product
Fig. 4: An intersection test
for two line segments
Fig. 5: An intersection test
for a triangle and a ray
A point  denotes the point where the ray 	 and the plane including
Δ intersect. We can express  by   , where  	 are 
scalars. In addition, we can also express  by 		  , where   is 
a scalar. Thus, we obtain the linear equations
; = 	



			 
⎥⎥
⎥
⎦
⎤
⎢⎢
⎢
⎣
⎡
−⇔  .
For the solution of this system of linear equations, the conditions 
	    hold if and only if  lies in the inside of Δ , 
that is, Δ and 	 intersect.
4.1.4 Definition of Triangulation
As mentioned in Section 2, we assume that the surfaces of 
measurement objects are approximated by triangles (ex. Fig-
ure 1). For simplicity, we assume that all the triangles should 
be measured. However, we can apply the method in this pa-
per to the case where a subset of the triangles would be 
measured.
The definition of this triangulation is as follows: the surfaces 
of measurement objects are considered as the graph of a 
function ℜ→ℜ # . Note that we do not know the values of 
the function at all the points in the domain, that is, the heights of all the 
points in the measurement region are not known. A set of finite points 
whose heights are known is denoted  . Under this setting, the convex hull 
of   is divided by triangles. If all the vertices of the triangles are the points 
of  , then we call it a triangulation of   (Figure 6).
There are various methods for making a triangulation. One of the most typ-
ical methods is Delaunay triangulations (Section 9, de Berg et al., 2008). 
Delaunay triangulations maximize the minimum angle over all the triangula-
tions of   (Theorem 9.9, de Berg et al., 2008). Intuitively, this means that 
Delaunay triangulations avoid thinner triangles, and this avoidance is a de-
sirable property for good approximation of surfaces.
4.2 Visibility Test
From the definition of the triangulation in Section 4.1.4, we can suppose that triangles, which approximate 
the surfaces of measurement objects, do not intersect each other and no two of them share three ver-
tices;
that is, no two triangles are identical. Also, we assume that a target triangle is measurable from a view-
point when the whole of the triangles can be scanned from the viewpoint (Figure 7).
For our goal, we have to examine the visibility, that is, whether a triangle can be measured from a view-
point or not.
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Fig. 6: Definition of triangulation
Fig. 8: Relationship
between a viewpoint
and a triangle
Fig. 7: Visibility of a target triangle
In the following, we explain a method for judging whether the triangle 
"# Δ occludes the target triangle "# 			Δ or not when the measure-
ment is conducted from viewpoint  .
First, we check whether  viewpoint   lies in the positive side of the tar-
get triangle "# 			Δ  or not (Figure 8). As we saw in Section 4.1.1, the nor-
mal vector of "# 			Δ  by the cross product lies in the positive half space 
(Figure 3). Therefore, we can judge whether   lies in the positive half 
space or not by the value "#  					 −−×− , where ••   is the 
inner product. If it is positive, then  lies in the positive half space. If   
lies in the positive side, then we have to examine whether the other tri-
angles occlude it or not. Otherwise, the triangle cannot be scanned from 
the viewpoint.
Next, we will check the occluding property of "# 			Δ  by "# Δ  scan-
ning from  . We classify the relationship between 	 	 as follows:
 (i) No vertex is shared by 	 	
 (ii) One vertex is shared by 	 	
 (iii) Two vertices are shared (= one edge is shared) by
	 	
We explain the method for judging the occluding property for these cases 
in the following subsections.
4.2.1. Visibility Test for the Case (i)
In this case, "# Δ  does not occlude "# 			Δ  when "# Δ  does not 
intersect the triangular pyramid "#% 			  (Figure 9). From the definition 
of the triangulation, "# Δ  does not intersect "# 			Δ . Thus, if 
"# Δ  intersects "#% 			 , then "# Δ  intersects at least one of 
the three side faces, #		Δ , "#		Δ  and/or "		Δ . Therefore, we have 
to check whether "# Δ  intersects the three side faces or not. In the 
following, we will explain the intersection test on "# Δ  and #		Δ
(Held, 1997). We can, of course, apply the test to "#		Δ  and "		Δ .
First, we  check whether "# 	  lie in the positive half space of 
#		Δ or not. If "# 	  lie in the same half space, then "# Δ  
does not intersect #		Δ . In the other case, without loss of generality, 
we  assume that   lies in the positive half space and "# 	   lie in 
the negative half space. &	   denote the intersection points between 
the plane including #		Δ  and the two line segments "# 	  ,  re-
spectively. &	  can be calculated by the method in Section 4.1.3. If 
&	'   lie in the inside of #		Δ , then "# Δ  intersects #		Δ  
(Figure 10). Otherwise, we will check whether the line segment &  inter-
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Fig. 9:The triangular pyramid 
generated by a viewpoint and a 
target triangle
Fig. 10: The intersection
test for (i)-(1)
Fig. 11: The intersection test
for (i)-(2)
Fig. 12: The intersection test
for (ii)-(1)
sects 	  and/or #	  or not (from the definition of the triangulation, &  does not intersect #		 ). This 
intersection can be calculated by the method in Section 4.1.2. If &  intersects 	  and/or #	 , then 
"# Δ  intersects #		Δ (Figure 11). Otherwise, "# Δ  does not intersect #		Δ .
4.2.4 Visibility Test for the Case (ii)
We assume that  	   holds without loss of generality (Figure 12). In this case, we will solve the follow-
ing system of linear equations:
; = "# "# −⎥⎥
⎥
⎦
⎤
⎢⎢
⎢
⎣
⎡
−−− 

					 



(3)
We understand that (3) is the transformation of axes whose origin is 	  and whose bases are 
					 "# 	 . The transformed points are denoted •  (Figure 13).
If  ###   and/or  """   hold, then "# Δ  occludes "# 			Δ  when "# 			Δ  is 
measured from  because the line segment "# 	'  intersects the triangular pyramid "# % 			
. In the other case, we will check whether the line segment "# intersects [ ]( ≥≥   
and/or [ ]( ≥≥  . It can be checked easily because the conditions are very simple. Note that 
"#  does not intersect [ ]( ≥≥   because of the as-
sumptions. If "#  intersects at least one of them, then  "# Δ  
occludes "# 			Δ . Otherwise, "# Δ  does not occlude "# 			Δ .
4.2.3Visibility Test for the Case (iii)
We assume that  	  and ## 	   hold without loss of generality 
(Figure 14). In this case, we solve (3) for " . If 	 ""    
holds, then "# Δ  occludes "# 			Δ  when "# 			Δ  is measured 
from  . Otherwise, "# Δ  does not occlude "# 			Δ .
4.2.4 All of the Visibility
In Section 4.2, we explained the method for judging whether a tri-
angle occludes another triangle or not. Therefore, we can judge the 
whole visibility by applying this method to all combinations of all the 
triangles and the viewpoints (Figure 15). However, by some prepro-
cessing, we can narrow the combinations which must be checked. For 
example, we can omit the case where 
	! "#"# 			 ≤  holds. Also, we can ignore the 
case where the angle range of "# 			Δ  from   does not overlap that 
of "# Δ  (Figure 16).
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Fig. 14: The intersection test for (iii)
Fig. 13: Transformation of axes
4.3 The Amount of Obtainable Data
For the case that "# 			Δ  is measurable from  , we have to calcu-
late the amount of data which would be obtained by a 3D scanner. 
From the principle of a 3D scanner, the amount of data is proportion-
ate to the solid angle of "# 			Δ  from  . A solid angle of "# 			Δ  
from   is defined to be the area of the intersection of the cone gen-
erated by   and "# 			Δ  and a sphere of unit radius (Figure 17).
It is known that the solid angle of "# 			Δ  from  can be obtained by
"# πθθθ −
where "# θ are the three angles between three side faces of the triangular pyramid "#% 			 (Figure 
17).
Fig. 16: Example of an omissible case Fig. 17: The solid angle
5. Numerical Results
In this section, we report numerical results using the proposed method in this paper.
Table 1: The number of vertices and triangles
Vertex Triangle
Example 1 165 280
Example 2 869 1539
Table 2: Experimental environment
PC Lenovo ThinkPad X200s
OS Windows XP Professional SP3
CPU Intel Core2 Duo L9300 @ 1.60GHz
Memory 2.96GB
Solver GLPK LP/MIP Solver version 4.43
We have applied the proposed method to 
two examples of the natural terrain. Ex-
ample 1 is Figure 1 (page 2), and Example 
2 is Figure 18. The target of Examples 1 
and 2 are about 100 m × 100m and 1000m
× 1000m areas of Hozu-kyou (Kyoto, Ja-
pan). These areas have many up and 
down hills.  Thus, they seem appropriate 
213
Fig. 15: Result of visibility test
Fig. 18: Example 2
for measurement-planning experiments. The raw terrain data of these areas has been derived from Google 
Earth, and we have processed it by Google SketchUp. 
We have set vertices and triangles to approximate the surfaces in these areas. Table 1 shows the number 
of vertices and triangles for Examples 1 and 2. Also, we have set candidate viewpoints for these examples. 
The candidate points are about 2m above all the vertices. Thus, the number of candidate points is equal 
to the number of vertices in each example.
We have employed the experimental environment in Table 2 to solve (1) and (2), and we have obtained 
the optimal viewpoints as Figures 19 and 20. Table 3 shows the computational time and the least number 
of measurements to scan all the triangles. In these experiments, we have set the value of   in (2) as the 
optimal value of (1).
Table 3: Computational time and the least number of measurements
Example 1 Example 2
Computational time to solve (1) (sec.) <0.1 6.2
The least number of measurements by 
(1)
13 13
Computational time to solve (2) (sec.) 0.2 6.6
In these experiments, we have set   as long as a solid angle from a candidate point   to a triangle 
  is even a little bit larger than 0. However, sometimes we want to judge that a wall is immeasurable 
when a solid angle is too small. To consider such a situation, we have conducted some experiments on Ex-
ample 2, in which we have set   and   if a solid angle is less than a threshold of the minimal 
solid angle.
Table 4: Minimal solid angle and the least number of measurements
Minimal Solid Angle (sr) '$π '$π
Computational time to solve (1) 
(sec.)
2.0 66.3
The least number of measurements 45 133
Computational time to solve (2) 
(sec.)
5.8 614.4
Table 4 shows the relationship between the minimal solid angle and the least number of measurements, 
and the optimal viewpoints are depicted in Figures 21 and 22. The complete solid angle is π$ steradians (= 
the surface area of a sphere with unit radius). Thus, the minimal solid angles '$π  and '$π  are 
0.01% and 0.1% of the complete solid angle, respectively.
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Fig. 19: Optimal Viewpoints 
(Example 1)
Fig. 20: Optimal Viewpoints
(Example 2)
Fig. 21: Optimal Viewpoints
(Minimal solid angle: '$π )
The obtained results show that our method is sufficiently applicable to 
practical settings.
6. Conclusion
In this paper, we have proposed a method for finding an optimal view-
plan to scan all the surfaces of measurement objects by a 3D scanner. 
To simplify our problems, we assume that surfaces of measurement 
objects are approximated by triangles. One of the most difficult prob-
lems is to avoid occlusions. For this purpose, we examine occluding 
properties between a target triangle and the other triangles by some 
geometrical calculation.
Our previous research (Dan et al., 2010) has dealt with almost the 
same problems as that of this paper. However, it depends on a 2D diagram deeply. On the other hand, the 
proposed method in this paper can handle 3D data on the target region. Thus, this research overcomes 
the disadvantage of the previous research.
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SIMULATION OF MAINTENANCE OPERATIONS
IN THE LIME PRODUCTION
Mikko Börkircher, Dipl.-Ing. Dipl.-Wirt.-Ing.
Former research assistant at the ifab-Institute of Human and Industrial Engineering,
Karlsruhe Institute of Technology (KIT)
Gert Zülch, Prof. Dr.-Ing. Dipl.-Wirtsch.-Ing.
Head of the ifab-Institute of Human and Industrial Engineering, KIT
gert.zuelch@kit.edu and www.ifab.kit.edu
KEYWORDS: building materials industry, lime production, maintenance, process alternatives, simulation
1. Uncertainty in the Planning of Maintenance Operations
A large uncertainty for the maintenance planner, e.g. in a production company in the building materials in-
dustry, exists whether the planned processes of the maintenance operations will really achieve a set given 
goals – such as the on-time completion (due date reliability) of the maintenance operations or implement-
ation of cost optimal usage of resources – is suitable, as well as, if the objectives are even achievable, due 
to when disturbances that can consistently occur during maintenance operations. In this context, 95 % of 
the companies participating in a scientific study about future strategies of the German construction and 
plant engineering industry stated that they would expect an efficiency increase through continuous con-
trolling of all risks (see Seefeldt, Pekrul 2005, p. 19).
With their predominantly traditional methods and organizational procedures, the building materials in-
dustry is facing large planning uncertainties. Considering e.g. maintenance operations and disturbances 
which can occur during operation, it is often asked, whether planning tools and procedures from other in-
dustries can be adopted by them. Consequently, the experience gained in the manufacturing industry and 
the related planning instruments come into focus. One approach which has often proved its value in man-
ufacturing companies is the simulation of production processes. Using this technique, e.g. predictions re-
garding the expected production situation as well as the effectiveness of resource utilisation can be made 
(Zülch, Börkircher 2006, p. 277).
2. Opportunity for Process Simulation
A suitable approach can be thus seen in the development of a novel, simulation-based method to support 
the planning of maintenance operations in a building materials industry and to analyze the performance 
of its maintenance operations (see figure 1 for the structure of the simulation procedure). 
The maintenance planner can be handed a tool with which he can already identify maintenance process 
risks within the planning stage and which shows him the consequences resulting from disturbances. From 
the simulation results the maintenance planner can draw conclusions for his maintenance operations in 
order to hold corrective measures or alternative planning solutions as well as process alternatives. 
The process simulation provides the maintenance planner thus a risk assessment of the maintenance op-
erations regarding simulated used capacity costs and cycle time on the basis of planning and process 
changes, and also in respect of resource utilisation and due date reliability of maintenance operations. 
Disturbances can be seen as a system workload which can affect the logistic and monetary goals of a 
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The disturbance scenario with the smallest and highest percentage of variation, being 1 % as well as the 
already stated 8 %, 4 % and 2 % for the three disturbance categories, is applied for the following evalu-
ation of the simulation results. Figure 5 depicts a so-called "influence matrix" that entails ten selected al-
ternatives from the simulation runs, consisting of five robust alternatives and five alternatives, which, ac-
cording to the comparison of the variation coefficients of the input variables with the output variables, are 
non-robust.
The evaluation of the non-robust alternatives shows that numerous degrees of goal achievements have a 
negative influence in the case of a high system workload, in contrast to a low system workload. The de-
grees of goal achievement are maximally 6 %-points lower in comparison to an inconsiderable influence or 
even up to 11 %-points lower on the basis of a positive influence.
In contrast, one notices an immediate influence in the degrees of goal achievement for robust alternat-
ives, when going from a low system workload to a higher one: The degrees of goal achievement of robust 
alternatives barely change and reach higher values respectively. The influence of the degrees of goal 
achievement stays inconsiderable and often reaches a positive value. The reason can be seen in the con-
sideration of the degrees of goal achievement, which are aimed for at a middle system workload. However, 
if one considers individual disturbance scenarios, one can determine that the influence of the degrees of 
goal achievement – either negative or positive – compared to that of the two extreme system workloads 
does not have as rigorous effects on the robust alternative, as it does on the non-robust alternative.
236
Fig. 5: Influence matrix for the degrees of goal achievement of selected robust 
and non-robust alternatives, for low as well as high system workloads 
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From the results in figure 5 one can assume that the inconsiderable and positive influence can be an in-
dication for the disturbance robustness of an alternative, when a disturbance scenario with low character-
istic values is compared to a disturbance scenario with high disturbance parameter values. It can thus be 
excluded that the degrees of goal achievement of the robust alternatives must be the highest. Crucial for 
the advantage of an alternative is that the scattering of the degree of goal achievement is contained in a 
certain goal achievement corridor for different production situations. Disturbance robustness thus tends to 
mean, keeping the smallest scatterings of the defined alternative inside of the values of the degrees of 
goal achievement, for all possible system workloads. This can be an indication for the disturbance robust-
ness, which, however still needs to be validated through further research. 
5. Conclusion and Further Leading Aspects
The proposed simulation tool assists maintenance planners to already analyze impacts on future mainten-
ance operations systematically in the early phase of production planning. This is not an iterative improve-
ment process – as it can be found in many simulation studies – trying to successively generate as good as 
possible maintenance operations using certain algorithms. In the used simulation tool, process alternat-
ives are designed manually to respond to any possible disturbances as directly as possible, and this must 
already be done in an early phase of production planning.
The example of a kiln maintenance process in the lime industry showed that with the aid of the proposed 
simulation tool it is not only possible to analyze the effects that occur through process disturbances, but 
furthermore that the so-called influence degrees (see above) can depict how the degrees of goal achieve-
ment of alternatives can change due to different disturbance scenarios. Due to the limited size of the de-
scribed case, further simulation studies must be performed in order to validate the obtained findings. 
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weapon-scale phenomena, which are not practical to apply them to solve large structures, especially for 
those long-span bridges because of the element limitation and CPU speed. To solve this problem, a Mul-
ti-Euler domain method is proposed in this paper to eliminate these constrains.
2. Blast Wave & Structural Analysis
2.1 Blast wave
Baker et al. stated that an explosion is “a phenomenon in which energy is released in a very fast and viol-
ent manner” [3]. The basic difference between blast loads and other dynamic loads is that the blast loads 
are moving pulse loads, loading different parts of the structure at different times, with varying magnitudes 
and durations, depending on the angle of incidence and distance. A blast wave can, broadly, be classified 
as air blast, underground blast and internal blast, depending on the point of blast being above or below 
the ground level, inside or outside of the structure. 
The event of a simple explosion is defined by two important parameters, the bomb charge weight W, and 
the standoff distance R between the detonation point and the structure. An important parameter called 
scaled distance Z was proposed to represent the peak overpressure. This is related to the explosion para-
meters above. Typically the charge mass is measured in terms of TNT, and other types of explosives are 
converted to this material. It is obvious while the distance is increasing, the maximum pressure of the 
shock wave decreases. Here scaled distance Z is given by:
"'
  
where R= distance from blast source;
W= mass of charge in terms of TNT 
The pressure-time history of a blast wave in Fig.1 can be described by an exponential function such as the 
Friedlander equation [4]: 
⎭⎬
⎫
⎩⎨
⎧
−−ΔΔ 


		 α! ! (2)
Where 	Δ max is the peak overpressure,   is the duration of positive phase, α is the decay coefficient. 
From the equation above, it is obvious that blast loading is more sensitive to the distance R than the ex-
plosive weight W, which also demonstrates that the most effective way to minimize the damage is control 
the distance.
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Fig. 1: Pressure-time profile for incipient and reflected blast wave
2.2 Numerical simulation
Because of the nature of blast loading and the nonlinearity associated with RC structures, nonlinear dy-
namic analysis was adopted to evaluate the structural response. Currently, there are two types of numer-
ical models available for blasting simulation which are analytical model (decoupling approach) and 
coupled finite element model. Typical analytical models include the single/multi-degree-of-freedom 
(SDOF/MDOF) approach [5], empirical formulas and P-I diagram methods based on some military experi-
mental data which simplify the blast loading as a triangle load case and apply it on the structures. All of 
these decoupling methods are only suitable for some simple structures and the approaches have some 
limitations on evaluating the structural damages and materials performance. Also, the above methods can-
not predict the reflected pressure accurately either. In recent years, the fully coupled fluid-structure inter-
action finite element models were developed via a coupled Euler-Lagrange computational algorithm [6]. 
Furthermore, with the fast development of computer techniques, it has become possible to simulate the 
complex dynamic loading cases on personal computers. As one of the coupled methods, the Arbitrary Lag-
range Euler (ALE) solver has been widely used for blasting event simulation because it could combine the 
medium and targets together and solve the problem through Euler-Lagrange mesh. This mesh method can 
predict the reflection of the blast waves accurately. Currently, many commercial finite element softwares 
have adopted this hydrocodes. Hydrocodes are computational mechanics tools that typically solve the re-
sponse of both solid and fluid material under multi-situations, which based on a series of equations called 
equations of state (EOS). An EOS “is a relation between the density (or volume) and internal energy (or 
temperature) of the material associated with high pressure” [7]. By applying the principles of conservation 
of mass, momentum and energy, the material performance and structural response could be obtained in 
extraordinary conditions. Under blast loads, the dynamic equation of the structure can be defined as:
 
•• •
	
 (3)
	
  s (4)
Where, ,  are the vectors of generalized displacement, velocities and acceleration. M, K and C are the 
mass, stiffness and damping matrices respectively, fint is the vector of the internal resisting forces and fext 
is the vector of the external applied forces.
3. Multi-Euler Domain Method
In traditional ALE solver, the Euler domain was used to model the air range, which must be large enough 
to contain targets in blasting simulation [8]. As one of the basic hydrocode models, the Euler solver fix a 
grid over the space in where material flowing is possible. However, the main problems of Euler domain are 
the limitation of element numbers and the poor handling of geometry. The larger the structure is, the 
more elements and computer memory are required. To solve this problem, a Multi-Euler domain method 
was proposed in this paper. The proposed concept is shown in Fig.2.
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The steel girder is modeled by the Johnson and Cook material model [10], which is good to reflect the 
strength behavior of materials under large strain, high strain rates and high pressure. The density, bulk 
modulus and shear modulus are 7.83g/cm , 159GPa, and 81.8GPa, respectively. Strain rate C is defined as  
0.014 with yield stress of 792MPa. 
The performance of concrete under blast loading has been tested by many researchers. In this study, a 
Johnson and Holmquist brittle damage model [11] was adopted because this model could simulate the 
concrete damage accurately based on the function of the plastic volumetric strain, equivalent plastic 
strain and pressure. In their model, they used the typical porous model and the Drucker-Prager model for 
EOS and the strength criterion, respectively. The hydro tensile limit of this model is -250kPa with 2.75g/cm 
density. 
In the numerical model, air is always modeled by an ideal gas EOS. The flow model was assumed to be of 
constant entropy. The following equation of state was used for an ideal gas:
 ργ  − (6)
where p is the pressure and  is a constant of 1.4. The air density and the internal energy e are 1.205kg/m 
and 2.068e5kJ/kg [9]. 
For the detonation material, the high explosives are normally modeled by the Jones-Wilkins-Lee (JWL) EOS, 
which is described by the equation below:
υ
ω
υ
ω
υ
ω υυ 
 −− −− # 
#
#

 (7)
Where p is the hydrostatic pressure, e is the specific internal energy, v is the specific volume, and C1, r1, 
C2, r2 and ω  are constants related to the explosive characteristics. In this study, two kinds of high explos-
ives were used: C-4 high explosive and traditional TNT high explosive. First, the C-4 explosive was used to 
verify the accuracy of coupled method comparing with the real experiment data, and then applied the TNT 
explosive in bridge simulation. The densities for C4 and TNT explosives are 1.601g/cm  and 1.654g/cm  [9]. 
5. Blast Wave Generation & Verification
5.1 Generation of blast loading
It is quite complicated and difficult to study the dynamic responses of structures under blast loading be-
cause of the combining effect of material properties, structural behavior and detonation process. The cur-
rent ALE method used to model blast phenomena still requires large computational resources and high 
CPU speed of computer. To solve this problem, the remapping technology [12] is developed to calculate the 
initiation and blast wave propagation. The analysis of the remapping technology is divided into two 
stages. First part includes the simulation of the explosion itself from the detonation and propagation of 
blast wave in air. Here a multi-material ALE solver in 1D with spherical symmetry is used. The second part 
is to import the previous remapping file into an Euler domain. Under this approach, the results of 1D can 
be copied directly into the 3D model while reducing the computational cost greatly.
5.2 Simulation verification
The simulation approach using coupled techniques and explicit finite element method should be verified 
for simple cases comparing with experimental data to ensure its validity. In this study, the experimental 
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Fig. 5: Dimensions and cross section of the bridge
In the analysis, the gravity load was not considered in comparison with the high acceleration of blast 
loading. The bottom flange of the girder was considered fully restrained in the analytical model. All the 
parts of bridge were modeled by solid element. It was also assumed that concrete deck was rigidly con-
nected to the steel girders. The whole bridge is solved with a Lagrange processor. The resulting finite ele-
ment model is presented in Fig.6 by ANSYS mesh tools. It was further assumed that a car bomb detonation 
at a close distance in the middle of the bridge. The detonation took place at 1m above the deck surface 
with 100kg charge weight TNT high explosive.
6.2 Air range model
To verify the accuracy of the proposed Multi-Euler domain method, a conventional Single-Euler domain 
model was also built and analyzed under the same condition. For the Multi-Euler domain model, taking 
into account symmetry of the bridge, six sub-Euler domains were built along the longitudinal direction to 
cover the entire bridge. The dimension of each domain is 10m × 3m× 2m with 10cm mesh size. The com-
putational time is 6.5ms.
6.3 Finite element analysis results
To reduce the computational work, a symmetric model was built for explicit dynamic analysis. Air pressure 
propagation during the 6ms after detonation is shown in Fig.7 and Fig.8 for Single-Euler domain and Multi-
Euler domain, respectively.
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Fig. 6: Finite element model of bridge in ANSYS
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The figures above showed the same time-history of two Euler domain simulations. The peak pressure of 
$)$ × kPa was obtained from both models in Fig.10(a) and Fig.10(b). The discontinuous curves in 
Fig.10(d) showed that the 2nd Euler domain in ME model was ignored at t=4.6ms, the pressure started to 
decrease rapidly.
Fig.11. shows the bridge damage conditions at t=5.5ms, the red parts represent the bulk failure based on 
the compressive and tensile strength limits. The concrete deck damage pattern obtained from the ME 
model is the exactly same as SE model in near field of detonation, but slightly extended in far field, which 
could be explained by that ME model are more effective in spreading air pressure along the bridge.
SE domain     ME domain
Fig. 11: Damage on the bridge deck
Since the bottom flange of the girder was fully restrained, the maximum vertical displacements appeared 
in the middle of bridge, which are 80.85mm and 82.92mm, respectively from SE and ME models in Fig.12. 
Similar performance was observed for the bridge girder under blasting load, the maximum deflection ap-
pears at the edge of top flange in the middle girder, which are 14.70mm and 16.08mm for SE and ME mod-
el respectively.
SE domain     ME domain
Fig. 12: Comparison of Y-disp. on deck
The Von Mises stress distribution on bridge is shown in Fig.13. For the sake of visualization of concrete 
deck, the steel girders are removed in Fig.13(a).
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2. Study Background
VR has been defined as a 3D computer-generated alternative environment to be immersed in, for navigat-
ing around and interacting with (Briggs, 1996), or as a component of communication taking place in a 
‘synthetic’ space, which embeds human as its integral part (Regenbrecht and Donath, 1996). The defini-
tions of VR systems usually includes a computer capable of real-time animation, controlled by a set of 
wired gloves and a position tracker, and using a head-mounted stereoscopic display as visual output. For 
instance, Regenbrecht and Donath (1996) defined the tangible components of VR as a congruent set of 
hardware and software, with actors within a three-dimensional or multi-dimensional input/output space, 
where actors can interact with other autonomous objects, in real time. VR has also been defined as a sim-
ulated world, which comprises of some computer-generated images conceived via head mounted eye 
goggles and wired clothing – thereby enabling the end users to interact in a realistic three-dimensional 
situation (Yoh, 2001). 
2.1 Virtual Reality in Architecture, Engineering, and Construction
Over the last 30 years, ICT systems have matured and enabled construction organisations to fundamentally 
restructure and enhance their core business functions. Sampaio and Henriques (2008) asserted that the 
main objective of using ICT in construction field is supporting management of digital data, namely to con-
vert, store, protect, process, transmit, and securely retrieve datasets. They acknowledge the commence-
ment of VR techniques as an important stepping stone for data integration in construction design and 
management as they are capable of holding and presenting the whole information about buildings (e.g. 
size, material, spatial relationships, mechanical and electrical utilities, and etc) through a single output. 
Similarly, Zheng et al. (2006) proposed the use of VR to reduce time and costs in product development and 
to enhance quality and flexibility for providing continuous computer support during development lifecycle. 
Early studies that incorporated VR into the design profession used it as an advanced visualisation medi-
um. Since as early as 1990, VR has been widely used in the AEC industry as it forms a natural medium for 
building design by providing 3D models, which can be manipulated in real-time and used collaboratively 
to explore different stages of the construction process (Whyte et al., 1998). It has also been used as a 
design application to provide collaborative visualisation for improving construction processes (Bouchla-
ghem et al., 2005). However, expectations of VR have changed during the current decade. According to 
Sampaio & Henriques (2008), it is increasingly important to incorporate VR 3D visualisation and decision 
support systems with interactive interfaces in order to perform real-time interactive visual exploration 
tasks. This thinking supports the position that a collaborative virtual environment is a 3D immersive space 
in which 3D models are linked to databases, which carry characteristics. This premise has also been fol-
lowed through other lines of thought, especially in construction planning and management by relating 3D 
models to time parameters in order to design 4D models (Fischer and Kunz, 2004), which are controlled 
through an interactive and multi-access database. In similar studies, 4D VR models have been used to im-
prove many aspects and phases of construction projects by: 1) developing and implementing applications 
for providing better communication among partners (Leinonen et al., 2003), 2) supporting design creativity 
(Rahimian and Ibrahim, 2011), 3) introducing the construction plan to stakeholders (Khanzade et al., 
2007), and, 4) following the construction progress (Fischer, 2000).
2.2 Virtual Reality as a Training Tool 
VR applications are now increasingly being used as a part of the teaching and learning process. According 
to Zudilova-Seinstra et al (2009), VR as a teaching tool can contribute to the trainees’ professional future 
by developing some learning activities beyond what is available in the conventional training systems. With 
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3 OSP System Selection:
Users are requested to select the 
type of system/structure to explore, 
from a repository of stored systems.
Learning objectives
Different systems have different re-
quirements – some suitable for some 
locations and not for others.
Scenario Selection:
Users are requested to select the 
type of scenario for the current 
‘Game’. In the next step, the users 
are provided with brief descriptions 
of each scenarios, details of the se-
lected site, details of the selected 
OSP system, and also draft contract.
Learning objectives
Different scenarios have different 
learning outcomes based on the 
events embedded in them; so 
learners can experience different 
types of constructional project issues 
within each scenario.
4 Manufacturer Selection:
Users are required to select the man-
ufacture as the provider of building 
blocks.
Learning objectives
There are various issues associated 
with manufacturer selection. Through 
the assessment unit, the learner ex-
periences the influences of different 
manufacturers on total costs of ma-
terials, completion duration, labour 
costs, fluctuating assembly costs, 
transportation costs etc.
277
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primarily on construction professionals e.g. project managers, construction managers, architects, design-
ers, commercials, suppliers, manufacturers etc. Thus, the construction site was used as the main domain 
through which all the unforeseen issues and problems (caused through upstream decisions, faulty work 
etc) could be enacted, so that real implications could be better appreciated in respect of time, cost, re-
sources etc. The simulator was developed not to solve OSP problems per se, but rather allow things to ‘go 
wrong’ and demonstrate the implications of decisions taken. Furthermore, learning is reinforced through a 
debriefing session, where learners are able to demonstrate additional understanding, particularly with re-
spect to mitigating such issues in future OSP construction projects. In this context, learning occurs through 
the following:
 Learner autonomy - to make all decisions;
 Interactivity - environment provides feedback on the decisions taken, and their implications on 
the overall project (cost, time, resources, health and safety, etc);
 Reflection - users are able to defend decisions on the feedback provided, and have the ability to 
identify means to avoid/mitigate potential problems in the future such as: 1) OSP strategies e.g. 
Design for Manufacture Logistics and Assembly (DFMLA), 2) Business processes, procurement/con-
tractual arrangements, project management, quality assurance etc, 3) Health and Safety proced-
ures, 4) Supply chain integration, 5) New manufacturing technologies, open system, etc.
2.1 VR Simulator Development Concept
The main concept of the simulator is based on its ability to run scenarios through a VR environment to ad-
dress predefined training objectives. In this respect, learning is driven by problems encountered in this 
environment, supported by a report critique on learners’ choices, rationale, and defence thereof. In this 
respect, the development encompassed two phases. Phase I embodies the development of the various 
scenarios, including the generation of reports etc; and Phase II, included the ‘intelligence’ components, in-
cluding the interrogation of learners regarding their understanding, along with the assessment engine.
2.2 VR Simulator Development Framework
The simulator development framework encompasses four main activities: (identify training objectives; de-
velop scenario(s); develop the VR environment; and validation of the prototype – see Fig. 1. This frame-
work required extensive input from the construction industry in order to not only secure relevance, but 
also help govern authenticity of these stages. 
Fig. 1: VR Environment Development Framework
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2.2.1 Training Objectives
The main training objectives underpinning the simulator were gathered from a synthesis of seminal literat-
ure covering the potential risks and threats facing OSP in general, and Open Building in particular. The cap-
ture of this knowledge was seen as fundamental for learners to fully appreciate, as it helps form the basis 
of appreciating how different stakeholders deal with the implications of such problems; and consequently, 
help learn how these could be mitigated for future practice. In this context, seven risks were identified: 1) 
To encompass late design changes, 2) To embrace issues such as the loss of factory production, or produc-
tion capacity, 3) To include unpredictable planning decisions and designs that are not suited to OSM, 4) To 
capture the issues associated with tolerances, 5) To include the potential of suppliers’ failure to deliver on 
time, 6) To allow for manufacturer bankruptcy, and 7) To deal with issues associated with alternative man-
ufacturers.
2.2.2 Scenario Development
The scenarios were developed in order to expose learners to new working conditions and issues that they 
were likely to face on real construction projects employing OSP concepts. Therefore, it was deemed im-
portant to challenge learners to think about the routes of these problems, rather than just reacting to 
them. This concept was used to provoke learners to think ‘proactively’ about future OSP projects. In this 
context, the main scenario was based on identifying all possible problems/issues that are traditionally as-
sociated with OSP practice. These are colloquially referred to as problem 1, problem 2, etc – see Fig. 2. For 
each of these problems, there are a number of possible decisions with associated actions. Depending on 
the action chosen, the programme schedule, along with corresponding costs, time, and resources are af-
fected.
These scenarios were used to simulate how OSP operates in real-life, in order to provoke learners to think 
‘how’ and ‘why’ things may go wrong; and why consequently OSP may end-up being more expensive than 
the traditional way of working and thinking. As part of the learning process, learners are able to identify 
‘why’ things went ‘wrong’, and ‘how’ these problems could have been avoided. Furthermore, a debriefing 
session is used to allow thorough interrogation of problems and choices selected, whereby learners are 
able to elaborate on the issues faced during the VR session; which helps to distinguish between ‘being 
immersed’ within the environment and the process of critical reflection that takes place outside the VR 
environment (De Freitas and Oliver, 2006).
Fig. 2: Scenario Implementation Concept
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Fig. 9: Project Interface in Channel and Design Views
4. Conclusion
A Game-Like VR Construction Site Simulator was developed in order to provide trainees with a virtual real-
ity simulation of the construction site of the future. The developed simulator offers a risk free environ-
ment where learners (professionals) can evaluate how decisions they make would affect their business. 
This includes but is not limited to analysing issues occurred on the construction site such as: design con-
cerns, process concerns, logistics concerns, and supply chain issues etc.
This paper explained the adapted Unified Software Development Process, which employed iterative phases 
of Elaboration, Construction and Transition. In the first stage of the prototype development lifecycle, the 
project established the requirements and priorities of the project and represented them in an ontological 
structure. This study contributes to the body of knowledge in this area by identifying the causal drivers 
and influences associated with successful decision-making design in non-collocated design teams at the 
conceptual design stage. The findings from this study are a stepping-stone for developing new insight and 
understanding into collaborative environments, particularly though new social interactions (and decision-
making criteria) generated through Game Theory techniques. This is the first of its kind to measure and 
gauge actor involvement, positioning, and organisational behaviour (within an AEC setting), along with so-
cial constructs – the nuances of which are likely to contribute to the wider understanding of Management 
Theory (organisational setting). 
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Fig. 7: The application screenshot illustrating path testing.
Finally, Figure 7 shows the detected problem in the project schedule using path testing. It is due to the 
absence of collision-free path for the lifting equipment that is allowed to move only in a vertical direction. 
The deployed construction element prevents permissible movements of the lift.
4. Conclusions
Thus, advanced methods for a more comprehensive and trustworthy validation of project schedules have 
been presented. They assume the extended test suite composed of four complementary groups of checks, 
namely: clash, join, workspace and path tests. Compared to the usual clash testing, the test suite helps to 
identify non-trivial defects like missing of supporting neighbouring elements, unavailability of required 
workspaces and absence of collision-free paths to deliver the elements to the destination locations. For 
each group of tests the formal mathematical criteria and efficient computational strategies are presented 
and discussed. It is essential that none of them need detailed specifications of testing use cases and can 
be applied for large-scale construction projects simulated in the pseudo-dynamic mode. The conducted 
computational experiments have confirmed the effectiveness and the feasibility of the proposed 4D plan-
ning and validation methods, which looks very promising when used in the industry practice.
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physical environment. The development of a system to match different cooperation scenarios with various 
furniture and configurations on particular types of space function is a major part of future research devel-
opment. Also, it will be of value to look at other case models, which may introduce suitable AR ap-
proaches to architecture with virtual roomware components. This will greatly help this study in identifying 
the requirements of software to be developed in the future.
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points on the curve set. Then the distance between the vanishing points the diameter of the 180 degrees 
view on the circled image and the midpoint corresponds to the viewing direction of the camera.
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Fig. 3: Extracted parallel lines of B/W boundaries (left) and the fitting result for 5 curved lines (right)  Two ar-
rows indicate the pair of vanishing points as the intersections of the extrapolated curves. 
3.2.2 Camera Posture
When capturing sky-dome images, precise setup of the princip-
al axis direction of the camera is important for integrating the 
camera coordinates and the solar trajectory for further process 
to examine the solar radiation. To avoid troublesome on-site 
adjustment work for achieving physically consistent camera 
setup to face the camera vertically upward, we also prepare 
physical perpendicular targets using several pendulums. This 
allows a logical camera orientation correction even after the 
data acquisition. The still pendulums' lines can be extrapolated 
on the fish-eye image and their intersection indicates the van-
ishing point toward the physically perpendicular direction as 
shown in Fig. 4. Fig 5 shows how to show the perpendicular 
target lines to a fisheye camera, using simple plumb lines 
made with threads and coins. In this case, the camera is sup-
posed to be placed facing roughly upward and thus the parallel 
perpendicular lines are captured as almost straight lines and 
their intersection point can be easily found around the center 
of the image. 
Next, we can correct the principal axis direction by converting 
the image so the center is matched to the vanishing point. This 
process can be done by mapping the image into the sphere 
space and then changing the orientation in 3D space, and fi-
nally mapping back onto the image plane. As depicted in Fig. 6 
(left), the vertical upward direction is supposed to be captured 
at the position of pc with the bearing angle   relative to the X 
axis, and displacement r from the image center po. Three-di-
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Fig. 5: Setup for vertically upward direc-
tion target and captured image example
Fig. 4: vertically upward direction target
mensional correction of the camera orientation is done by finding two axes rotation α and β  so that the 
vertical upward dire ction comes to the image center. The parameter α is calculated as an tangential angle 
using the coordinates of po (xo, yo) and pc (xc, yc) as shown in equation (3).
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The fish-eye lens that we use for this research performs equisolid angle projection for imaging. The projec-
tion model is difined by the relation between image height r and zenithal angle β as shown in Fig. 7. In the 
case of equisolid angle projection, the model is represented by equation (4). Then the parameter β is cal-
culated by the equation (5).
Fig. 6: Parameters for camera orientation correction in the image plane (left) and in sphere space (right)
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Rotating angle α− respect to Z-axis then rotating - β  respect to Y-axis aligns the 
vector OPc to Z-axis. This rotational transform is represented as equation (6).
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where, " ! ,- is the incoming light direction respect to Pc whose values are 
calculated as shown in equations (7).
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where, since only the direction is concerned, the vector norm is arbitrary. According to the image center 
correction, all the other pixels can be rotated angle α−  respect to Z-axis and angle β− respect to Y-axis in 
the same manner, after computing the direction vectors for each pixel based on the displacement from the 
image center and the bearing angle relative to X-axis, using equation (3) and (5), respectibely. 
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Fig. 7: image height and 
zenithal angle relation in 
fish-eye projection 
(equisolid angle projec-
tion model)
To provide the whole image whose center is identical to the vertical upward direction, all the corrected 
light directions must be remapped on to a pixel on the image plane. This is a straight forward computa-
tion based on the fish-eye lens projection model and sphere space whose radius is R. For each corrected 
light direction " ! ,- ′′′ , bearing angleϕ relative to X-axis and zenithal angle  are calculated as shown 
in equation (8) and (9). (see Fig. 8 (left))
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The zenithal angle θ determines the image height rq by quisolid projection as equation (10). 
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Fig. 8: Remapping the light direction in sphere space (left) onto the image plane (right).
Then the pixel position (x', y') mapped back onto the image plane is given as follows. (see also Fig.8 
(right))
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3.3 Triangulation
 Performing the triangulation is quite simple. The corners 
of the building tops are found as the corresponding target 
points, for example, between the pair of the fish-eye im-
ages and then the elevation angle is calculated for each 
camera position. As shown in Fig. 9, if the lower camera 
height is h0, the higher height h+h0, and the elevation 
angles for each camera position are θ , #θ , then the target 
point height H is calculated as written: 
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Fig. 9: Diagram for triangulation parameters  
definition
As a consequence, the distance L between the ground positions of camera and the target point can be cal-
culated. Therefore, relative 3-dimensional geometry is available for examining the solar visibility on the vi-
cinity of the camera position by single point measurement. 
3.4 Shading Estimation
The proposed triangulation scheme can be applied for solar 
radiation examination in a straightforward manner. At the 
measurement point, arbitrary sun elevation T as the angle 
between the ground surface and the sun direction is spe-
cified by the equation shown in equation (13). 
γδψδψ 			 sss" (13)
where, ψ is the latitude of the point of interest, δ is the 
solar declination or the angle between equatorial plane and 
sun direction, and γ is hour angle which increases/de-
creases by 15 degrees relative to culmination each hour. The relation between a given amplitudeα and the 
sun elevation T is described as the equation (14). 
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Hence, the shadow length C casted by the obstacle whose height H is measured by equation (12) is calcu-
lated as follows. 
"
$ 
	
(15)
4. Experiments
We conducted experiments to verify the proposed method. On a university campus, we took two different 
photo pairs with a fish-eye conversion lens (SIGMA 8mm F3.5 EX DG, see Table 1) installed onto a digital 
still camera (Canon EOS 5D: 4368pixel 2912pixel).  The reason of the camera choice is the full-frame sensor 
size, which is equivalent to 35mm, so the whole circled fish-eye imagery can be captured. We settle the 
camera with a tripod on the ground surface. The position height differences are 0.12m (0.81m - 0.69m) 
and 0.76m (1.29m - 0.53m) in the two photo pairs, respectively, by changing only head position of the tri-
pod vertically.
Fig. 11: Captured image pair #1: The camera heights are 0.69m (left) and 0.81 m (right). 
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Fig. 10: Shadow length casted by a obstacle
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the same time, only very limited use seems to be made of state-of-the-art information and communication 
technology compared with other sectors of the industry. Although mature software products are employed 
for specific partial assignments, there is still plenty of room for improvement in terms of both efficiency 
and quality, particularly with regard to enhancing data flow and putting existing digital data to further us-
age.
The resolute use of digital technologies throughout can achieve greater workflow transparency by reducing 
interfaces and optimizing the cooperation between the different parties involved in the projects. This po-
tential is employed in many sectors, such as the automotive industry, shipbuilding or general plant con-
struction. Until now, however, these concepts have only been put to restricted use in the building sector. 
Recognizing that action was called for, the "Virtual construction site – digital tools for construction plan-
ning and execution" (ForBAU) was set up in January 2008 with the aim of depicting a complex building pro-
ject holistically by means of a single digital building site model. This simulated building site is employed 
as a central planning tool during all phases of the relevant project. An interdisciplinary team consisting of 
members of seven departments of Technische Universität München, the University of Erlangen-Nuremberg, 
Regensburg University of Applied Sciences and the German Aerospace Centre (DLR) joined forces to realize 
this vision along with more than 30 industrial partners including building contractors, firms of planners 
and engineers, construction equipment manufacturers and IT partners for digital tools. The interdisciplin-
ary alliance was sponsored by the Bavarian Research Foundation from January 2008 to December 2010.
Fig. 1: The vision of a digital building site
2. New technologies for construction planning
The digital construction site is a virtual simulation of the real site. It contains valuable 3D planning data, 
making it possible to plan the construction sequences more carefully to begin with, then to test them on 
the model and subsequently to monitor the actual building process. The digital building site comprises 
various partial aspects which are described below in greater detail.
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2.1 3D modeling
The ForBAU research alliance started out by observing the planning processes. The three-dimensional mod-
eling helps to detect faults, such as building components colliding, before the plan has even left the 
building contractor's desk, thus keeping costly corrections on the building site to a minimum. Apart from 
three-dimensional models (see Figure 2), state-of-the-art CAD programs also support fully parametric ones. 
This means that adjustments – modifying the spacing of supports, for instance – can be implemented very 
quickly by changing one of the parameters. The aim of ForBAU is not just to simulate the building con-
struction, however, but also to create a geological model of the subsoil and the terrain, to depict the con-
struction site installations and finally to blend the various models together to form a single site informa-
tion model – the digital construction site. 
Fig. 1: Parametric 3D model of a construction site (Günthner and Borrmann, 2011)
2.2 Integrating submodels in the digital building site
The submodels depicted in Figure 3 need to be merged together to enable plans to be drawn up on the 
basis of a holistic model. The challenge is that the individual models are created using different, highly 
specialized applications, as is often the case in the construction industry. For this reason, part of the For-
BAU project was devoted to developing special software known as an integrator.
One of the integrator's key purposes is to couple the drafted route, which is achieved with the help of es-
tablished 2D drafting tools, with bridge models that are generated using parametric 3D modeling. By coup-
ling these aspects it is possible to transfer any changes in the layout of the track, which frequently occur 
even at a later planning stage, to the bridge models, enabling the geometry of the bridges to be auto-
matically aligned to the new route.
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Fig. 6: Labeled modular shuttering systems (hard tag on the left, Smart Label on the right)
Both hand-labeled hard tags and labels beneath the type plates were fixed to the wooden support in order 
to judge the reliability of the labeling. The labeled components were subsequently taken to the building 
site and used in the construction work. On being returned to the contractor's yard, they were checked to 
see whether the transponders were still in place and in working order. Without exception, all the results 
were positive. Both the hard tags screwed to the wooden supports and the labels fixed underneath the 
type plates were still intact and produced reliable readings.
3.2.3 Labeling of concrete components
The demand for prefabricated concrete units for use in construction projects is constantly on the rise. 
They are often custom-made to high precision standards for specific predetermined locations. These units 
undergo several processing steps from production to warehousing and transportation to the building site 
before they arrive at their final destination. Many of these process steps can be simplified by attributing 
certain information, such as a specific number, batch number or lifting and storage regulations to a com-
ponent. Moreover, the use of these embedded transponders in the ongoing lifecycle of a structure – for 
maintenance or demolition work, for example – has considerable potential. 
3.2.4 Mobile data transmission
It was to feed the constant flow of information from the building site into a centralized computer system 
that the concept of mobile building data transmission (mBDE) was developed. The purpose of this solution 
is to forward information on the current construction stage to the digital site information model in real 
time and to draw up a centralized progress record. Digital planning data can thus be coupled with the ac-
tual building site data and serve as a basis for a performance analysis. This solution can support the fol-
lowing scenario: The foreman scans a component on the building site using a hand-held RFID device to 
check construction progress. If the device recognizes the in-built transponder, the component No. stored 
on the transponder appears on the display. The foreman decides whether to enter any more information 
about the component. If so, he can allocate the status (delivered or completed) and add a comment. The 
next step might be to record any defects in the form of a descriptive comment backed up with a photo 
and/or a voice memo. 
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Beside getting the points at the desired parameters, we also get the tangent vectors at these points and dis-
tance along the curve from the start point to the each of the evaluation points.
The number of the evaluation points is decided by the user and decided based on the desired resolution 
and accuracy. After that we get the slope between each two points pi and pi+1 from the following relation:
Slope = 100 [ (zi+1 – zi) / x]
where
zi+1 and zi are the elevations of the points pi+1 and pi
x is the Euclidean distance between the two points 
Finally the resulting slopes are exported to excel to calculate the grade resistance for further duration cal-
culations.
After data are exported to excel each segment has a value determining whether this section is cut or fill, 
the amount of soil and a value to determine the grade resistance of this section. Grade resistance is ex-
pressed as a speed for the equipment which will be translated into duration. The time taken by an equip-
ment to move on an uphill grade would be less than the time taken by the same equipment on a downhill 
grade. Also the duration that the equipment will take to move on an uphill grade would take more time 
than that of another uphill grade but with a less value.
The above shows that selecting a certain path would affect construction time due to the different stations 
having different cut and fill volumes and also different grades.
Figure 6 shows how certain grade would affect the construction time of a certain segment. The chart was 
created by calculating the different grades for the different segments and calculating the equivalent grade 
resistance that the equipment need to overcome the both rolling resistance and the grade of the road. The 
resistance and the power needed by the equipment is then used to determine the velocity of that equip-
ment. then using the equipment velocity and knowing the length of the segment the duration of the oper-
ation can be easily calculated.
381
Fig. 5: Grasshopper definition and the resulting slopes
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The following test case explores how AR can potentially cut through various modalities of documentation 
and provide multifaceted exposure to information specific to a particular site location.
This project by Tommy Shin seeks to enhance design communication to a multi-disciplinary group using 
AR. When review panels within a School of Architecture critique design the discussion can quickly shift 
from conceptual or aesthetic considerations to an interrogation of the details of construction. Each stake-
holder in the critique could demand a different type of information. This test case rethinks the traditional 
GA drawing (Fig. 4 – left image), using AR it becomes a tool providing immediate links to a variety of 
modes and layers of information. Typically, a GA drawing would have text references to redirect a viewer 
to particular component or assembly drawings. This example has substituted these text references for 
small 3D renderings–aesthetic references–to the pertinent details. Here Tommy provides aesthetic inform-
ation and also draws on the image recognition capability of junaio to add another mode of communica-
tion. When these images are viewed through a particular junaio GLUE channel on a mobile phone, a 3D de-
tailed model is ‘glued’ onto the image (Fig. 4 – centre image). Now as a viewer moves round the image 
they will move round the AR model glued onto it; thus enabling visualisation of the detail from any per-
spective. This does not preclude the image containing a traditional text reference that would enable 
someone to find the relevant component or assembly drawing. However junaio provides a ‘link’ facility for 
a recognised image; Tommy uses this to immediately ‘link’ to a detailed drawing that can be loaded onto 
the mobile phone (Fig. 4 – right image). This notion was advanced further by Tim deBeer who wanted to 
convey dynamic information. He draws on the animation capability within junaio to convey assembly in-
formation. CAD files were imported into the Blender modelling program for conversion into the required 
file type (md2) for junaio. Animation within this software was surprisingly technical and problematic for 
the designers. Though Tim’s working prototype (Fig. 4) still manages to demonstrate a proof-of-concept 
showing assembly animations triggered by a recognised image.
398
Fig. 1: Test case in using AR to cross a variety of communicative modalities – general arrangement drawing  
(left), AR model (centre) and assembly drawing (right). Project by Tommy Shin.
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rent locative information in-lieu of the data contained in the marker. This functionality is intended for use 
indoors, where it is typically difficult to get an accurate location lock. However, Rickey appropriates this 
utility to literally transport the viewer to his design space. The designer is still making decisions regarding 
the content of his design space, we can see (Fig. 6 – centre image) notes on theory, design progress, con-
cepts etc. Rather than representing an idea as an abstract concept, now a person or group of people can 
be transported into the design narrative ( Fig. 6 – right image); design decisions can be viewed within the 
noise and furor of the creative process. Noise and furor, we have theorised elsewhere (McMeel et al. 2011) 
contributes to problem solving during construction.
5. Conclusions
Design and construction processes are comprised of temporally, spatially and conceptually distinct con-
stituents. The first test case in this paper provides us with a glimpse of AR increasing the potential for ac-
cessing different types of documentation and representation of design. A drawing can now serve as a 
portal to disparate information that is location specific, increasing ease of access to different stakeholders 
drawings, documents or models of a building project. Here, we see the benefits from cross-disciplinary 
communication through BIM software being extended further into the construction process. Our test cases 
demonstrate how–with mobile devices–knowledge can be meaningfully placed in the hands of the skilled 
on-site specialist and facilitate a deeper knowledge exchange between the disparate design and construc-
tion disciplines. In our second test case a designer ‘transports’ us within the noise and furor of his design 
process. Informational noise that–we hypothesise–provides raw material to serve as a catalyst for Deleuze 
and Guatarri’s consolidation of new creations and solutions. Although our test cases are admittedly mod-
est in scope they emerged from a contemporary pedagogical design environment occupied by designers 
fluent with mobile phones and locative media. They present observational evidence of compelling starting 
points for reconsidering ‘aids’ for design and construction processes.
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8. Summary and Conclusion
In this research, we designed user interfaces for tele-operated cranes to increase the efficiency and safety 
in construction. Following an evaluation procedure, we have conducted two studies. We utilized augmen-
ted reality to combine real images and virtual models, and provide path guidance in the interface. We also 
divided the different information into three views based on existing knowledge about the human attention 
zone. By going through two studies of evaluation, we improved the designed interface, taking into consid-
eration how the operator would be able to receive the required information more effectively. From the two 
usability tests performed, we found that integrating multiple views and augmented reality technologies is 
effective in improving the design of a tele-operated crane interface. It is on average 10% faster in complet-
ing tasks and the loading of the operator is reduced by 15% on average compared to a conventional inter-
face. The use of an interface with AR assistance with an attention-based information layout will improves 
safety of operation without significantly reducing efficiency. The number of collisions recorded was 57% 
less with the AR interface with attention-based information compared to the multiple views interface. 
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are 67,626 and, 375,000 respectively (the mesh size to the horizontal direction of the road cross section, to 
the plumb direction and, to the depth direction, are assumed to be 2m, 1.2m, and 2m respectively). The 
value for iso-surface of sound pressure level to display is also specified for the input data for the visualiz-
ation system.
2.2 Main-process
2.2.1 Computation of road traffic noise level
In this system, the road traffic noise level is computed by using the ASJ-RTN Model 2008 (Yamamoto, 2010) 
that is developed by the Acoustic Society of Japan. The sound pressure level is evaluated in real time by 
the model, since the model is based on the geometric acoustic theory. 
The computation is performed using the position data of the vehicle, the observer, and the surrounding 
environment in real-time using a motion tracking system. The A-weighted sound power level of vehicle 
noise  can be expressed as:
   (1)
where   is the factor related to the types of vehicle (the values for standard car, bike, subcompact car, 
middle car and large car are assumed to be 46.7, 49.6, 47.6, 51.5, 54.4, respectively),   is the coefficient 
related to the vehicle speed,  is the vehicle speed,  is the correction term which is expressed as fol-
lows.
	
  ΔΔΔΔ (2)
where Δ , Δ , Δ , and 	
Δ are the corrections concerning with the noise reduction with 
drainage pavement etc, the change of road vehicle noise by the vertical slope, the directivity of vehicle 
noise and the rest factors, respectively.
The A-weighted sound pressure level  of direct sound which is propagated from vehicle is evaluated as:

  Δ−−  (3)
Where   is the distance in a straight line between observer and vehicle, 
Δ  is the correction concern-
ing with attenuation factors that influences sound propagation, which is expressed as follows.

  ΔΔΔΔ (4)
in which Δ , Δ  and Δ  are the corrections concerning with the attenuation caused by diffrac-
tion, the attenuation caused by grand effect, the attenuation caused by atmospheric absorption, respect-
ively.
When it is necessary to consider about the plural propagations such as direct sound, reflection and diffrac-
tion sounds, the A-weighted sound pressure level is computed as;
w
w
⎠
⎞
⎜⎜⎝
⎛
 ∑

	
 

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Under this situation also when observer is in the seeable area of the car, only the direct sound is 
considered as shown in FIG. 7 (a). On the other hand, only the diffractive sound is considered 
when observer is not located at the seeable area as shown in FIG. 7 (b).
3. The computational method considering a cut.
FIG. 8 shows the computational method for the case with a cut.
Fig. 8: Computational method with the cut
The top figure of FIG. 8 shows the situation for sound source and observer’s point. Considering the effect 
of the cut, the mirror images of sound source are created for computing the reflective sound. The bottom 
two figures show the computational positions including the mirror source. When the sound sources are 
able to see from the position of the observer such as case (a), three numbers of the propagations are 
computed, not only direct sound from the sound source, but the reflective sound from the mirror source A 
and the reflective sound from the mirror source B. On the other hand, in the case when the sound sources 
are unable to see such as case (b), two different computational ways are employed for the computation of 
Δ in equation (4) as.
For the case for sound source (see FIG. 9 (a)):
(6)
For the case for mirror sound source (see FIG.9 (b)):
(7)
where 

 is constant related to the pavement type, δ is a different length between a straight path and 
a diffraction path from the observer to the vehicle (see FIG. 9). In the equation (6), if the sound source 
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  δ
 
 −−Δ  ≥δ


  δ


−
×−−  ≤ δ


; =  δ

−− δ


 δ


  δ
 
 −−Δ  ≥δ


  δ


−
×−−  ≤ δ


(a) (b)
can be seen from the observer directly, the sign of δ is to be a minus, and if  is larger than ,    is 
to be  .
(a) From sound source (b)From mirror sound source 
Fig. 9: the example of the diffraction of sound
2.3 Post-process
2.3.1 Auralization of the road traffic noise
The stereoscopic CG animation is presented with the auditory information at every time step. The CG im-
age is created by the visualization system based on the Open-GL and CAVE library. The auditory informa-
tion of road traffic noise is created using the Max/msp (Akamatsu and Sakonda, 2006). The road traffic 
noise level, the frequency and the wave file of vehicle noise are prepared for the input data for Max/msp. 
Those three data are prepared at every time step for creating the CG animation with the auditory informa-
tion.
2.3.2 Visualization of the road traffic noise
The CG image of the iso-surface noise is created by the visualization software developed by Open GL and 
CAVE library. User can specify the sound pressure level by using the controller. 
The sound pressure level is computed at every nodes of the mesh for visualization. The iso-surface of the 
sound pressure level is created at element-wise using the linear interpolation function. In order to im-
prove the solidity, the rendering technique is employed for the visualization.  
Above the both functions, the additional types of cars are available to choose for simulation. Moreover the 
scenes such as day time and night time are available to change by using controller as shown in FIG. 10. 
Measuring the brain waves is also done for the one of the other study to investigate the relation among 
the human stress, the road traffic noise and the time scene by using the present system.
432
Fig. 10: The scene of the day time (left) and night time (right)
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4. Weather-related construction Strategies
Until now, modern simulation tools for the optimization of construction processes have predominantly 
been used only in the preliminary phase of a project. However, projects are often affected by unscheduled 
constraints that leads to the schedules deviation and the demand to find solutions, especially in the ex-
ecuting phase (Bargstädt and Ailland 2009). Adverse weather conditions are kind of unscheduled con-
straints, which should be updated during the execution processes. What managers should do to reduce 
the impact of weather to maintain the high productivity or reduce non - working time on site? In construc-
tion practice, execution strategies are manually applied in daily work planning in order to avoid additional 
works or disturbances. Weather – related construction strategies are defined as the selection and imple-
mentation of task execution sequences regarding to the impact of bad weather events to avoid the dis-
turbances and reduce the non – working time or unproductive time. 
The constraint-based approach used in this model is implemented to check the fulfillment of task associ-
ated constraints and to select the next executable tasks. Based on this information a variety of schedules 
are generated. The simulation model enables schedulers to run experiments and what - if scenarios, 
hence schedulers can test a variety of possible solutions to get a practicable schedule. It is possible to 
check for not only the strategy given by past experience but also the new possible sequences. Monte 
Carlo simulation techniques are possible in the simulation model to generate execution schedules; hence 
a multiple of simulation runs can be performed to get a significant set of solutions that can be evaluated 
afterwards (Wu et al. 2009). 
Normally, in the planning stage, schedulers account for weather impact by proposing a variety of methods 
(Smith and Hancher 1989):
 Limit the available work days based on experience
 Estimate additional time to total duration
 Add a percentage of time to activities based on time of year and type of activities
 Insert one or more specific activities to schedule and name as weather delays. These activities 
might be added to activity chains that contain weather-dependent activities. 
These methods are proposed as the acceptance of weather – related delays and are often based on the 
scheduler’s experience and historical weather data. However the variation of weather conditions is com-
plex, the methods applied in planning stage are not enough for avoiding consequences. Therefore, during 
the executing stage, the controlling of daily schedule is important whenever bad weather conditions occur. 
This simulation model gives schedulers opportunities to control the work steps sequence regarding to the 
sensitivity of work steps to weather events and the weather impact. Especially when the weather sensitive 
work steps are non-critical work step then the execution order of these work steps can be more flexibly 
control. In WEATHER dialog box (see Fig. 2), a Controlling tab is available for users to assign their strategies 
to solve the encountered weather problem. The control of the execution priority of work steps can be de-
scribed as a collection of if-then rules. For example, considering the façade construction process, if it rains 
and there is a covered place then cutting façade elements can be executed; if wind velocity is strong then 
working in high level is not save but working in low level is acceptable or if it is wet then wet non – sens-
itive work steps should be executed before wet - sensitive ones. Hence a collection of if-then rules can be 
estimated for controlling the start of work steps, which is understood as soft constraints of work steps. 
Soft constraints represent conditions derived from execution strategies. When selecting the next start work 
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step, the Constraint Manager takes soft constraints into account by ranking all executable work steps 
based on their fulfillment degree of soft constraints. Absolute compliance is not necessary, but they will 
make schedule generation more realistic (Wu et al. 2009). By providing and experimenting a collection of 
what – if scenarios, schedulers can achieve a variety of schedules and decide the best one according to 
their goal. This model supports schedulers in reducing the disturbances caused by weather; hence the 
total construction delays or cost overrun can be reduced or eliminated. 
5. Conclusion
Weather clearly has a major impact on construction processes, leading to the extension of construction 
duration and cost overruns. Especially in the executing stage, the unexpected bad weather event is one of 
reasons to cause the deviation of schedule leading to the weather – related construction claims. Reducing 
the disturbances caused by bad weather during the execution processes is normally based on the man-
agers’ experience. The need to have a supported tool to know how unexpected weather conditions can af-
fect the execution processes as well as how to reduce the consequences is obvious. Because of its effi-
ciency and flexibility in modeling construction processes, simulation was chosen as the main tool to de-
velop the proposed framework. The main concept and the required information for the model were out-
lined, enabling construction managers to apply the model in order to solve encountered weather prob-
lems. The WEATHER dialog was developed with a well – structured interface, making it easily to be interac-
ted, where the weather – impact decisions relating to the presented three cases of weather impact are 
made. By using this simulation model, the effects of weather conditions on operative execution schedules 
and the strategies to reduce its consequences can be flexibly investigated. Different strategies can be ex-
perimented by using a collection of if – then rules to resolve or reduce the possible consequences due to 
unexpected bad weather conditions in the short term execution duration, which obviously affects the 
whole construction time. Besides, this approach concentrated on the performance of construction process 
by dividing it to small work steps, making the impact of weather on construction activities more precisely. 
The next research steps may focus on the analysis of the performance time on site to support in utilizing 
resource in order to reduce non-working or unproductive working time on construction sites during bad 
weather condition time. If there are some projects are executed simultaneously at different regions by the 
same company, then the assigning of workers to other construction sites when encountering bad weather 
conditions can be a solution for effective utilization of manpower. 
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4. Conclusion and Outlook
While it is obvious that several iterations would be necessary to make the step from demonstrating a prin-
ciple to implementing a new workflow in developing a full architectural design proposal, the current 
demonstrator should be regarded as a first step towards such integration.
VR in the context of algorithmic production for spatial configuration could offer a particular value as the 
emphasis for spatial planning lies with occupational performance, which relies on cognitive features of 
shape. If the formation of spatial configurations can be interacted with from within, tacit qualitative know-
ledge about building spaces could be integrated more fluently into the design process without having to 
make reductive assumptions about qualities of space to evaluate with afterwards.
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The created landscape represents the reality quite successful. Lacks in the level of realism point at lacks 
in data that is partly incomplete or was not available during test phase. For example not all but necessary 
information about the roads was available within the first project phase. Also the building creation was 
basic by taking only the outer edge as 3D design element into account. Nevertheless the first results of 
SimWorld are very promising so that extending the tool chain towards urban areas is pushed forward. On 
the one hand the data collection is specialized (as written in the previous paragraphs) and on the other 
hand the modules for creating the output will be improved such as generating the 3D models of buildings 
and roads with the help of professional tools to gain more details.
3. Conclusion
The project SimWorld has established a database schema containing many attributes of aspects for creat-
ing a driving environment that is more than a city model. Hence it is possible to provide 3D models for 
driving simulators and also additional data e.g. meta data for communication simulation embedded in the 
virtual world. Also assistance systems working with optical input can benefit from a realistic appearance 
of streets and buildings because it is much more close to reality than artificial scenarios. Due to the logic-
al information within the road network it can also be input for traffic simulations (for example for SUMO – 
Simulation of Urban MObility) or can be support for assistant systems as a local map. With the help of 
SimWorld these and other applications will have the advantage to work on the same data since the Sim-
World database contains more information that only for generating 3D models. Due to the same data basis 
discrepancies between the applications can be avoided. Also the data basis can be more precise because 
of the usage of different sources. The project has proven that it is possible to generate vast 3D databases 
with high precision data. Data reduction is only necessary to tackle visualization performance issues. Sim-
World also proves that this kind of data can be processed automatically. This is important to quickly react 
to changes of the real world for existing databases or generating a complete new area with new data 
(preferably provided by the same data sources as used before). By using open standards like the scene 
graph concept and OpenDRIVE it will be easy to make this SimWorld database available for partners (and 
other applications) to connect to it within projects.
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Table 6: Number of Element and Time Needed for BIM at LOD300 
LOD BIM Type of Element Number of Element (N) Te Ti T
Found
ation
1F 2F 3F RF
Repetition 7
LOD30
0
A10 Foundations 84 0 0 0 0 1 8.75 819
B10 Column 35 55 27 20 18 1 15 2487
B10 Beam 54 77 62 60 0 1
17.2
5
4624.2
5
B1010 Floor 4 4 1 1 2 1.5
15.2
5
208
B2010 Wall-Ex-
terior
0 0 6 0 48 0.5 16 891
B2020 Curtain 
Wall
0 423 0 154 4 1
21.7
5
13224.
75
B2020 Window 0 0 0 50 0
0.3
5
21.7
5
1112
B2030 Door 0 4 0 8 0
0.3
5
22.5 281.2
B30 Roof 0 0 0 1 1 1.5 15.5 41
C1010 Wall-In-
terior
84 94 0 71 0 0.5 14.5 3742
C3030 Ceiling 
Finishes
0 0 0 0 0 1 13.5 0
Summarizing the above mentioned research efforts, it is concluded that :
1. To develop a BIM at LOD100 with Revit Built-in elements, the time needed is 
T1= ∑ Ni* ( Ti+ Te ) 
Ti: Time to fill in Information, as shown in Table 3.
Te: Time to Generate a built-in Elementequals 1 minute according to this study.
Ni: the number of element for the ith Type of Element
2. To develop a BIM at LOD200 with Revit Built-in elements, the time needed is 
T2 and T3= 
 
∑ ∑ Ni(Ti+ Te) + (R-1)
Ti: Time of Information Item
Te: Time to Generate a built-in Element equals 1 minute according to this study.
R : Repetition of the Floors
3. The formula to calculate the time needed to develop a BIM at LOD 300 with Revit Built-in elements 
is identical to the one to develop a BIM at LOD200, except the Ti adopt is of different values.
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ing use of the Building Information Model (BIM) technology, it may be a good candidate source of provid-
ing first responders with such emergency information.  Accordingly, BIM is chosen as a methodology integ-
rating with different kinds of information and presents information in a simple way.
BIM not only brings diverse stages of a building’s life cycle data together but also includes abundant prop-
erties from divergent views.  Though BIM attempts to share and exchange information, most applications 
of BIM concern with the construction process rather than the post-construction issues such as disaster 
mitigation, which makes more use of attributes and endows meaning with data.  It might be meaningless 
if such plentiful information from BIM was not analyzed and used in a proper way.  Currently there are 
few researchers employing BIM for disaster mitigation.  National Institute of Standards and Technology 
(NIST) illustrated an example scenario of their system, Incident Command Tactical System (ICTS) (Jones et 
al., 2005) – not a BIM-based one but integrating information and displaying in 3D way – which can be con-
sidered as a prototype similar to BIM applications.  Besides that, Spearpoint (2007) dealt with the data-ex-
changed problem that lacks the standardization between different software tools.  Spearpoint tried to 
transfer an IFC building product model to a fire simulation program, but this research can hardly be con-
sidered as utilization of BIM information.  Other researcher combines with the Geographic Information Sys-
tem (GIS) technique to support the fire response management process (Isikdag, 2008).  However, it focuses 
more on the geospatial environment, and BIM is merely used as a data warehouse here.  Another re-
searcher proposed a method using BIM to improve the indoor positioning of Computer Aided Facility Man-
agement (CAFM) systems, in which BIM is also not mainly concerned (Bernoulli, 2008).
Hence, in this research, we proposed a spatiotemporal database-based approach that can transform relev-
ant data from BIM to the information needed by first responders.  Section 2 discusses the overview of the 
disaster mitigation process so as to understand the need to collection static and dynamic information of a 
building after it is built.  Section 3 introduces the spatiotemporal database technique that is utilized to 
provide first responders with relevant, integrative information from BIM and other sources.  Section 4 dis-
cusses the proposed software architecture with a BIM example.  Section 5 presents research conclusions 
and recommendations.
2. Disaster Mitigation Process
The disaster management process consists of six disaster-related phases: (1) identification; (2) prediction; 
(3) mitigation; (4) preparation; (5) response; and (6) recovery.  The identification phase involves ascertain-
ing any opportunity pertaining to assets, i.e., people, fire sprinklers, hospital beds, etc., that may be af-
fected by a disaster.  The prediction phase consists of scientific analysis tasks, including meteorological, 
geologic, hydrologic, agricultural, environmental, epidemiologic calculations and simulations.  The mitiga-
tion phase concerns active reductions of a disaster’s impact, whereas the preparation phase includes 
needed actions to contend with the portion of a disaster’s impact that cannot be mitigated.  The response 
phase focuses on real-time actions as a disaster evolves, whereas the recovery phase deals with how to 
restore community assets affected by a disaster.  Current researchers focus more on the last two phases 
because they require integrative system thinking and have the potential to significantly lessen the impact.
Researchers have analyzed requirements of a disaster mitigation system (DMS) covering all six phases of 
the disaster management process.  Briefly, a DMS is designed to significantly lessen the loss of human 
lives and the economic costs of a disaster, and should have three components: (1) a baseline database: 
which contains the basic information of the assets affected by a disaster; (2) spatial querying: which can 
provide disaster management officials with a graphical interface showing designated geographical informa-
tion of the disaster and assets, e.g., locating the shortest evacuation path and optimizing the resource 
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spection tool (Shin and Dunston 2009), whilst Golparvar-Fard et al. (2009) propose overlaying time-lapsed 
photographs showing the as-built condition of a construction site with an as-planned 4D simulation model 
for construction progress monitoring. 
Despite some examples of AR in construction related research, instances of 4D CAD in AR remain scarce. 
A4D is such a proposed system that provides an interface between the design and construction process 
within a Distributed Virtual Environment (DVE), however this application does not support outdoor AR, 
providing only a marker-based tracking and interaction paradigm within an indoor setting (Dias et al. 
2003). While not strictly a 4D system, a further example extends previous work into construction-based 
discrete event simulation into an outdoor AR environment using GPS, a head tracker and a head mounted 
display for the contextual visualization of 3D animations of construction operations (Behzadan 2008). More 
recent work from VTT Technical Research Center in Finland extends upon their earlier systems by enabling 
interaction with BIM-based IFC files and schedule information to provide on-site AR based 4D visualization 
of the construction product and process using GPS, a digital compass and marker-free vision tracking 
(Hakkarainen et al. 2009).
To address cited issues with current construction planning practices and current 4D CAD approaches, 
whilst leveraging the strong information communication and interaction capabilities of AR, it is proposed 
that potential exists for an AR-based 4D planning tool (4DAR) to enable the formulation of a schedule by 
enabling planning team members to interact with each other whilst viewing and manipulating a unified 3D 
model of the proposed structure within the context of a construction site. The following section describes 
the approach and development of the proposed system and describes the results so far from the proto-
type modules that have been implemented.
4. 4DAR: On-Site Construction Planning
Previous research has highlighted the shortcomings of conventional construction planning techniques, 
such as the level of abstraction, the amount of information processing and the risk of multiple schedule 
and design interpretations leading to problems with effective communication and coordination. Addition-
ally, current 4D CAD approaches have been shown to provide only post-planning review of a schedule that 
has invariably been created in the conventional manner and as such has been exposed to the problems 
cited with that process. In order to resolve these issues discussed above, a framework has been de-
veloped that builds upon previous work into outdoor AR, 4D CAD, collaborative planning, Building Informa-
tion Modeling and model-based scheduling to provide a 4DAR prototype for interactive on-site planning. 
The project is being developed using the Vizard VR ToolkitTM from WorldViz, a development environment 
which wraps a highly optimized OpenGL and OpenSceneGraph-based rendering pipeline in a Python script-
ing environment. In addition it provides support for most standard VR and consumer hardware devices 
and is extendible through additional python libraries. This ability to extend the functionality of Vizard 
through standard third party python libraries has proved invaluable when developing modules and inter-
faces to interact with hardware and software devices used during this project.
The proposed framework for AR4D is centered on an IFC based Building Information Model file. This in-
formation-rich model file will be utilized by the system not only as a repository of information regarding 
the structural attributes and relationships within the architectural model, but also as a central store for 
data relating to the schedule–task–component links and information. In addition, the IFC file is converted 
into an OpenSceneGraph (OSG) compatible file to allow it to be loaded by the chosen development plat-
form, thus also providing the graphical input to the system. 
490
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in which Isuntot is the total solar radiation; Id and Idiff are the direct and diffuse solar radiations, respectively; P 
is atmospheric transmission factor and is set to be 0.7 in this study;  and h is the sun’s altitude 
angle.  By dividing Eq. (2) with Eq. (3), we have


 
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 (4)
Figure 12 shows the comparison of solar radiation collection of different BIPV panels on May 1st, 2010, as 
an example. It can be seen that, in this case, the consideration of diffuse solar radiation gives closer res-
ults to the measured results. It is observed that the central part of ITRI building No. 46 may block the dir-
ect sunlight on the sun shield PV system in the afternoon and the transom system is perpendicular to the 
horizontal surface. This is probably the main reason why these two systems are easily affected by diffuse 
solar radiation.
Figure 13 shows the comparison of electricity production results between the measured (or monitored) 
result and Ecotect simulations, including one considering only direct radiation and another considering 
both direct and diffuse radiations. It can be seen that, in the case of May 1st, 2011, the consideration of 
diffuse solar radiation gives higher electricity production value. However, if we further consider that the 
conversion efficiency of a BIPV panel would drop when the temperature of the panel rises, the electricity 
production results simulated by Ecotect would decrease.
Fig. 12: Comparison of solar radiation collection
of different BIPV panels on May 1st, 2011.
Fig. 13: Electricity production
of BIPV panels on May 1st, 2011.
4. Conclusions
In this paper, we have presented a successful process for BIM modeling and energy analysis of BIPV build-
ings using Autodesk software series. Also, we have investigated the accuracy of energy analysis using Eco-
tect for architectural design. Based on the case study performed, it is found that reasonably accurate res-
ults on electricity production of BIPV panels can be obtained when we use, as an input, the average value 
of the radiation data recorded every hour on the hour and the peak recorded value within every hour; and 
consider only direct solar radiation in the analysis. More case studies should be carried out to further in-
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cording to body or head motion. Therefore, in this research, we propose the use of kinesthetic and stereo-
scopic vision for virtual crane training systems. This allows trainees to develop operating skills with natur-
al and intuitive visual perception. In other words, the display of a training environment can dynamically 
shift views according to the trainees’ displacement and also provide stereoscopic binocular images to en-
hance the realism of training systems.
3. Kinesthetic and Stereoscopic Vision Methodology
Kinesthetic and stereoscopic vision is a control methodology that allows observers to experience realistic 
3D visual perception using body motion in a virtual environment. Kinesthetic and stereoscopic vision de-
scribes the dynamic relationship regarding how an observer interacts with a virtual world using body mo-
tion as with the real world. The methodology includes two parts: stereoscopic vision and kinesthetic vis-
ion.
3.1 Stereoscopic vision
We used the stereoscopic vision method to add binocular cues for trainees, with the method basically fol-
lowing the principle described by Wheatstone (1838). Fig. 1 demonstrates the basics of stereoscopic vision, 
in which the points o and o' are at different distances from the projected screen. From the screen, each 
eye sees different projected points from the same observed point, such as point o, and we find that the 
parallax p of the observed point o is a function relative to the distance d and s as follows: 
         −  (3-1)
where i is inter-ocular distance. Based on this relationship, we can determine the parallaxes of the projec-
ted pixels from each vertex of an object in a virtual environment, and then generate the relevant binocular 
images on screens.
Fig. 1: The principle of stereoscopic projection (modified from Wheatstone, 1838).
3.2 Kinesthetic vision
Kinesthetic vision enables trainees to experience motion parallax from screens, allowing them to examine 
the surroundings of crane operations in virtual environments from different viewpoints while they try to 
move their heads laterally.
In order to achieve kinesthetic vision, we developed the kinesthetic perspective transformation, which 
converts the geometry of an operator perspective frustum (Fig. 2) to a virtual eye frustum. This is done so 
that trainees can view a virtual scene according to their eye position, making it as realistic as viewing an 
actual scene of a construction site through cabin windows. This mechanism supports a 3D perception pro-
519
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Fig. 4: The concept of kinesthetic perspective transformation uses (a) a virtual eye perspective to imitate (b) a  
trainee’s perspective by synchronizing the ratio of their geometric shapes.
In the general display method, the perspective frustums are always symmetrical and static. If a viewer’s 
face is normal to a screen and is at the screen’s center line through the screen surface, the watcher will 
receive approximate realistic scenes without distortion. However, for crane training, in order to deliver 
realistic spatial information similar to that of reality, the frustums must dynamically deform according to 
the trainees’ eye position so that trainees can accurately receive the scenes from different viewpoints. 
Therefore, the vectors (l, t, n), (r, t, n), (l, b, n), and (r, t, n) in Fig. 4 (a) are relative to eye coordinates {E} 
and define the shape of the frustum dynamically. For instance, Fig. 5 (a) shows that the virtual eye frust-
um deforms with a trainee’s perspective frustum (Fig. 5 (b)).
Fig. 5: A diagram of eye coordinates in a virtual world and in reality.
The kinesthetic perspective transformation modifies the modelview matrix and the projection matrix in the 
computer graphics pipeline. These are rewritten as follows:
     C
     C
     C
   

  

  
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 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(1)
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where M'modelview is the modified modelview matrix, and Mmodelview is the general modelview matrix; AP is the 
eye position in actual eye coordinates {A}; XA, YA, and ZA are unit vectors that represent the X, Y, and Z axis 
in {A}; WE is the width of the near plane, and WA is the width of the screen view; HE is the height of the 
near plane, and HA is the height of the screen view; D is the distance from the origin in eye coordinates to 
the near plane or the screen center. Their index E and A represent the virtual eye space and the actual 
world.
Then, the modified projection matrix is written as follows:
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(2)
where M'projection is the modified projection matrix; f is the far plane distance; and:




 #
$ρ
× −  (3)
In short, kinesthetic perspective transformation converts the actual eye perspective to the virtual eye per-
spective by introducing the modified modelview matrix and the projection matrix into the computer graph-
ics pipeline. The variable of this transformation is the actual eye position AP. According to AP, the modified 
transformation matrices simultaneously vary and adjust the projected scene to a corresponding viewpoint.
4. Implementation
To implement the proposed virtual crane training system, we integrated the Microsoft XNA framework and 
NVIDIA PhysX to develop a virtual environment for trainees as shown in Fig. 6 (b) and (c). The XNA is a 
framework for game development and includes 2D texture and 3D model rendering with advanced shader 
effects, audio effects, and user inputs. The dynamic physics effects and behaviors are simulated using 
NVIDIA PhysX, a well-known physics engine for generating a realistic visual physics experience. For the 
physical interaction environment of the crane training system, we used a 50" 3D TV, a game console con-
troller, and an Xbox 360 Kinect sensor as major interaction equipment. These are shown in Fig. 6 (a).
For stereoscopic display implementation, we used the NVIDIA 3D Vision toolkit. This toolkit supports active 
stereoscopic display devices and provides stereopsis cues of consistent quality from every view angle, a 
necessary feature for crane operation trainees. 
In order to implement kinesthetic vision in real-time, a trainee’s eye position must be detected and de-
livered to the training system. Since our eyes’ positions are always fixed on our heads, we used a Kinect 
sensor (Fig. 6 (a)) in this implementation to capture the head position as AP (mentioned in section 3.2).
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6//
simulate a fire) and thus analyze the effect of this situation on the infrastructure usage and the 
selected protocols. 
4.2 Performance
To analyze the "performance" – the quality and safety - of the selected crowd management decisions, sev-
eral performance indicators are monitored within the simulation. In this case the most important indicat-
ors are area densities, travel times (including evacuation times) and waiting times.
 Densities: The density is stated as the m2 per person. This density shows the level of comfort in 
this area. Based on the "level of service" concept (FRUIN 1971) six levels of comfort are stated in 
the output. This density is monitored per defined area per time interval. In this way the user is 
able to discover bottlenecks and their duration in the proposed pedestrian flow. 
 Travel and evacuation times: The travel times between origin and final destination is monitored. 
This is especially important for the evacuation scenario. Since there are governmental guidelines 
for the maximum time needed to travel to a safe area, the user is able to test the available or 
proposed evacuation and emergency protocols. In figure 6 an example of the evacuation time dis-
tribution of a certain tribune is shown. 
 Waiting times: The waiting times are monitored at both the entrance gates as the several facilities 
in the stadium in order to determine the "service" level of these processes. Results are presented 
in histogram classes for comparison with standards as dictated by the authorities. 
Fig. 6: Output Example; Section evacuation duration
This business case discusses the development of an application that is used by external users for opera-
tional analysis. They make crowd management decisions based on the results of experiments as ex-
pressed in these performance indicators. 
5. Final remarks
The benefit of simulation for the analysis of pedestrian flow was evident in this project. The user was able 
to perform scenarios which were never evaluated before, simply because it was practically to complex to 
attempt these scenarios in reality. 
In general, it can be stated that due to the physical scale of the infrastructures in combination with the 
complexity and (financial) consequences of testing in reality, the developed simulation tool is very suit-
534
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When designing green buildings, most designers only referring to or completely imitating other existent 
designs, paying little attention to the buildings’ actual ability in saving energy (ZengXu-dong, ZhaoAng 
2006). In some cases, the construction costs increased yet the possibility to successfully enhance energy 
efficiency remained doubtful. In other cases, the ability in saving energy of a building built by energy-sav-
ing materials and designs turned out to be worse than that without any special design. (Yoon, Y. J., M. 
Moeck, et al. , 2008 )
After the proposed design is analyzed by simulation software such as eQUEST, energyplus and Ecotect, a 
baseline is needed to determine the quality of the design, or to be qualified in the EA credit section of the 
international green building certification LEED (Leadership in Energy & Environmental Design) First, the 
design model should be modified into a baseline model for calculation on the base of LEED criteria. Then 
the energy consumption is to be identified and be used as a means to calculate its energy efficiency (The 
formula: [baseline model annual consumption amount – design model annual consumption amount] 
÷baseline model annual consumption amount 100 ). However, establishing a baseline model is difficult 
and time-consuming and there is no tool yet to help solve this problem, either in Taiwan or in other coun-
tries. Therefore, how to establish the baseline model in a quicker way is an important issue.
BIM (Building information modeling) collects building data and knowledge from designers from various 
fields, and integrates these data into the building’s life cycle. The designers are able to obtain the needed 
data and building information from the building information model to accomplish information sharing and 
reusing. In other words, the building information model serves as a database.
BIM has been widely applied. This dissertation proposes the concept, In which the author applied BIM to 
establish a basic and automatic system to resolve the above-said problems. User can apply the system 
and insert the building and weather information into the energy consumption simulation software (This 
research took eQuest as an example)so as to calculate the data of annual power consumption and com-
parable criterion modeling of LEED.
In addition, taking a further step to calculate the energy efficiency and score the EA Credit 1 points in LEED 
following the scores table will quickly and efficiently obtain the LEED certification and calculate the energy 
efficiency. Currently on the market, there are GBS(Green Building Studio) Website-Service and Autodesk 
Ecotect to calculate the energy efficiency. Revit can be sent to GBS through GBXML. User then sends back 
eQuest.But GBS cannot be made in baseline format of eQuest, besides the information of GBS is not accep-
ted by LEED criteria.
As for Ecotect, into which Revit model can be imported, the analysis results are not accepted by LEED cri-
teria as well. This study analyzed the data of annual power consumption, just like GBS and Ecotect, and, 
furthermore, calculates the energy efficiency and goals of the EA Credit 1 points in LEED.
Literature Review
At present, the scientific calculation by simulation software can evaluate the energy efficiency of proposed 
designs. For example, calculation by the eQUEST will needs information such as, a record of sunlight 
strength and temperature over 8760 hours, the exterior and interior appearance of the building, the mater-
ial used, and the attributes, etc. The eQuest has been used to calculate the energy consumption in some 
cases, and it has been applied to construct the TMY2 weather information formats (8760 hours) of Taipei, 
Taichung, Kaohsiung, and Hsinchu (Lin and Huang 2004). But the building model in eQuest still has a lot of 
drawbacks and the process it will take is time-consuming, which is why the energy consumption simula-
tion software is not so popular.
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mall and leisure centres are erected and several multi–level bike storage buildings will be developed to ac-
commodate about 22.000 bikes.
Fig. 1: Urban zones and connections framework (source: City of Utrecht, 2003)
2. The Challenge
Building such a terminal is already a tough labour, but it is a real challenge to do so while the daily trans-
fer must go on and many involved parties have to work in and around the terminal. During each of the 
numerous stages in the building process it is required that different sections of the existing terminal have 
to be taken out of use to create new construction areas and to assure safe transfer areas. Obviously this 
will disturb the pedestrian flows, as pedestrians have to deal with new and restricted situations fre-
quently. 
In the Netherlands ProRail is responsible for maintenance and renewal of tracks and stations and provid-
ing capacity for their clients. Therefore they have commissioned the terminal building project and carry re-
sponsibility for both accessibility, safety and convenience in the terminal. Other involved organizations 
and authorities include the Dutch railways, the city of Utrecht and the building contractors. But also the 
municipal fire brigade, which demands that the terminal can be evacuated within certain time levels un-
der all circumstances and that it does not affect the safety in the vicinity. Without approval from the fire 
brigade construction work or additional commercial units in the terminal will never be authorized.
Therefore these joint parties have to propose and evaluate possible measures to solve pedestrian flow dis-
turbances and keep evacuation procedures valid during these construction phases. An appropriate instru-
ment to test operational situations, to evaluate measures and their effectiveness and to present it all visu-
ally is pedestrian simulation.
558
   	 
 
 	
    
   	        	  
   

      	 	     
 	
       	
      
 
	 A	  
 		   	   		 	 
  
 
	
  
		
      	    	 	 	  
		
  		        		 
	  
  
 
	
     
 
	
        	   	 	 	  	
     	
 
       	    1 	 
 $>    		
  
, ##" 
’% 
8	 
  
  	     
   	  
   -    
 	  	 
  -
  
 	
 	  
 	 
 	      	  	  	 
	 
 		 	    	  	 	
   
 
   
     	     	   
	         
      	  -
   
	
 
	
     	    	         	
 	
   	  @
 	   	
 
   	 	 
    	 @
	  	   
8	 
   
        	 @	
             	 	 
  
  
   
   
  	
 :     	  	    
	
      		    -
	 
 
  @	
		
  	  
   
	
     
	
  	 @
		
  	  
 	  
   
           4	  	     
   	   	
  
	       
   
4	 @
		
  	    	    	            
 	 
   @	
	 	 

   
:
   =& -	
     
   	  	
   	   
       	  
  
       	
 4	          	    	
   	  
    
	   
   $ >  $%%0&	  	  :
 
	  	   
 C  
 
   	 
	
   	  
    	
        
 	
    
	    
	
 	 

   
  
)
  1
   V   
/0+’22!%<    
    
	  	
   	  
  	  
   
 	
    
 
    	
  
     
 

   1	 
	  	
    
      
     	
     	 
 
66 
  	          
  	  	   	 
  - 	  	
	
  	   
 
  	 > 
    	   	
 	&  	    
 
 
      1	     	  
 
	
  
 	   	    
 ,        
    
	
   
   	    	  
 	
     	  	       
A	  
 	
       
 
 	
  
 
 
 	
  N  $%%6& , 
	   
    	   	
   	  
   	     	   9
	  	 
	
    	 	      
   
    	   
   	   
    
     
	
 
     
  
   
, 	 
  
       	 
 
   	   
 

     
 
 
   	
	
     

@    
   	  
  	  
   	  	   
    	 
  
   

  

   
  	  
	   	  
     

         
	
 
   	  
	
        
  &   	  
  	          	 	& 
4   
    
  
  
 . u $%&   
 
	
  
     
      

    
	
 		    
       
 	   
   

  	    
 
 

 	
  	 
	 
 	
     
.

    	    	   	
   
 	
  
 
  	   
 	    	
  
 

	     	
     
	   
  
  	 
	 	 .

      

        
	
     		
    	 
   
  
   	
     >  	 	  	
   
	 
 
  	 
    
 	 	  @ 
   	     
	   	    
   
  
:  		        

  
 	
     	
   4 	     
 		 	    
	
     @ 
     	
  
 	  	     	  
 	

   
 
 	
   
	
            
 
	          	
  
       	
  	   	       
	       
    
	  	       
 
	  	 	 
  
 
     	  	     	 		   	
 
:  	     	  
 	
   	  
  	  	 
 	
  	 7 	 
 > 
 8C4A 
   

  
   	  
   	  
,   (
 %()’"
   	
     	
  
 	    
   	 	 
 		  	     	
   	  	 

  
    
  	
 
	   :    
 	 
  	        	  	

	
  		 
  	       
   
  	
 	 
   	  	    
  	 	  	 A	 	
 
	 

  
 

	
        	   	      	 	   	
  ,        
 
	 
   	    	 
  	   	  	
 
	
 
  
     4a    
	   	 
  	 	
  	  	   	 
	  
 	  	    

 	      	     
	
  	
  		 	
	  	 
 
  	   	  	 	 
      
 	  	
 
   
  	 	 >
1	   
	  >
1	   6 &
        
	   	
 +   	     
	   	  	
  
 
  	   
	  
 	     
	
 	 
 	  
	   	9
		    
	   	
    
     -	  	   	
 
  	  	  	 
  	    	   
: 	  	
     	 
 	
 	 	  -		
	
  	    
 	 
  	    	
    
	       
 	  	  ,		          
   	  	  	       	 
 	
     	
 	
  
  	           @
 	 	

	
      
	
 	 
   	
 	  	  	&
6!%
 
  	
  
   	          
  

  
  
   	
    
	 
> 
  	 
  	
       
 	  	
    	   	      - 
	 ,  

  	          - 
	 
   	      - 
	 
   	  	   	
   
	
 B    -  	 

  	  
 	     	
  - 
	  	 	?   
  	 	  
 
 
	          	
&   	
  	   	 - 
	        
 B 	 	   
      	    
  
	
  	  	  	   	
     
:   
	 
	 	
    	
  
    
	
  		 	     
 @ 	
    	 

 
 
 	 	
  
 	  	
   	
	   	 
   
  	         	  
  
  
, #!’ #
  "
  
  	  	  	
    1   		
    
;
 	  
 	
  	 :   
 
 	       -  
      
 
	    	 
 		  ?
 7	
  	
  
	
 	
 ?         -
	 	          	
  -
		
 
   	   
    	 	
  	   
 
   	
 	
?
 9
	
 	
  
	
  	
 	   	 
	  
 
	
?   	
   	 
 
	
  
 	 	  


 : 
	 
	
  	    	   	
 
	&

     

 >
	
   	
   &  
    ?	 
 
 
	     1
  	 
@
	  	   	 	 
      
  	 
,	 
 	
   
	
     	
  	  	         	  
 
	      	 
 
  	  
 	
 	
  	      -
     	  
   	  
     
   
 
	    	 	   	     	  	   	  	       	 
   	           

   	

- 	)#
4%
	 "!#
	#’ %
#)
 "#
- &
 # 
   	      	     
 	   	
   <	 	 
  
    	 Y     
 ;  	   	   	
  	        	       	 	 
   
  
  
	 
  
         	
   	    	   
   	 	  	    	
  
 
  
 
 	   	
       	   	     
	
 :
 / 	   
  
  
  
	  
  
   
6!
/ 0 "+         & + )  O(  	 *! & 	 &   114
,	 	   	    	  
 
	 	
     	   $%$%
 	   	  
   	  	1	  	 
  	
 
		
  B	 $%%$%6    
 
     
	   	
 	       
    	    
	      
		
  :  	  
		
         
	    
 
  	 	  
	 	
  
 		  
 	   
    	  	
  	  
	    	   
     
  	   	 
 	 	     	
   
 	  	
  	
    	  

       	   	    	    	  	 7 	 	     ?
   	
     
	   
 
	
    	
 	   
     	  
    	
         	 
    	  		
   	   	   	  	    	 
  
	 
	 
	  	 
  	
   	      	   	   
  	    	  	      
 	  	 	 
  	-
& 	  
	    
   	&
   
    	   	
      	 
  
  	 
   	
  	 	    
	
     	    	
    	 
   	     -
	 	   	 
   	  	    	     	
  	  	 
  
 	     	   D-
	 	 	  
	  
	
 	            
	   	
>
   	   	 	
      	 	  
 	 	     	  	    	
   
	
 
       ,   	   	  	  	       	     @   

    
       
	 
    	 
 	 	  	
  
  	
     	       
    		
   	 
    
 	 	   
  
      
  
   
6!$
  	
     
 	     	     

   	 	     3 	  	    
 - 	   
 1

           
 	    	  	  
    	  		 	    
-    
	 
 	 	
   	   
 	    
 	    	 	
   	 < 	  	  		
 4       
-   
%%#
   	
     	  	  	
  
     
  	  
	 
      	 	 	   
  	     >
 	           
	
 
        
 	  
  
	 	    	 	    	      
  	   
 	    4
 
  	
 	     
  
 
     		   	  	   	  
 	 	          
  	  
 
  	   	 
	  	         

: 	     	
 	    	  	 
  	   	   
        	  
 	 	 
   	    
    	     
	 
    	    	      
 
  
 	        	 @
 
 	 	 
   	  	   
  
  
 	 
 ?
 	 	
 	    	  
  	   	  	 	
  	    &
  
  	 	  	 
	
    -	  	
   	
  
   -	      	  	  	  	   &    	         
	
  	     
 	   83
 	  	  	    
 >

      	 
 	  
 	 	     
 	  	
      	  
 >
	
 	
  
    	  -
	 
 
    	
 	
 
 < 
 
	
  
 	
 	 
     
 
 C  	   @
	  		   	   	
  
	
  
   	       	    
     	  1	 	       - 
  
	    	    	
     
 	 
 4
 	
  
 
   	  	  
     
	   
	
 		   	 	    
 	 4   	 	       	   	
    
  
 	  -	   %%%%	 
  $   7 	   	
  
 
     	
  
	
  
 
  	    	&	
 	
 -
	  	& -	    	 
   
 	

 	
&

    	  	  	
	
   	
	 	
   	 
-, #"%"
  	   	    
 
	  	  %%%%	 
 
 $   
 	     	 		   
	      	 
 
	   	
   ,	 
	
  	   
	      
    
	
    	 
 
 
	            	
    
	         
	
     
	  
    	      	   	       	
 	   :   	
     	 -
 
  
	      
   
 	
 	
 
 	  
   
	    	 	 
 
  0
B
 
   
     	    	    
	 	 	    
 	
 ,	1	   	  
    		       	  	
 
	   
	  	 @

 
 	
  	     
    
	        
  
	
   	   	 	 
   	
    	    
 
6!/
/ 0 #+ $   2 2!    2 0
A	  	  	     	  
        	  	      
 
	     
 
       	    	      
 
 	    
      
	 &
	
  
	
 
 	    	   	
  
    	 
    	  
     
 	  	
   
      
   	  	 
   	 
  	  	
   	  
 
    	
  	
   
	     
     
  
 	  
 
 		 	
  
 
  	 	      	   	
  
  	         

 


  	      
  
  
  	 	 
	 
 	
    	
  	
  -
	   
    
 
 
	  	 
   
  
--  % 
 
# %
%!#
#""

4
 		 	  
  
 	
  1	 
 	  
 	
  	     
 
 	    	   
	 
     	   
		
  
	     
  		    	 -	    ,	 	   
 	  	       
  
     	   - 	  
	
 
+  
 	
 1	       
 		           
   
 	  
 
     
  	    	        
 	
  	 
 	
      	   	 		  	   	   
 	 
  	  	    
	  	 	 	 	
   		       	
      
	  
 
   	   
  
  
	 	  -		
  
, 
	
 83
    	 	  
 	
 

	
 	   1	 	 
  	         	 
	
  
  
     	     :	 	      
 	
    	   	 	   
  
  
   	
  B	 	 	 
     	 
	  	   	 	  
 

    
 	  	 
   
	
     
	
    	 
 	
 :
6     		
  
	  
   
6!0
    	  	
 **B 4 )      	    	     	   
 	
  	      
 
  	 
	 
         
 	
   	 	  	 
 	 	   
   	    
   $0     :  -  	   
   	   	       	  @
	   
       	   	     	   	 	   
      
 	  	 
   	
 	
  
 
 	  	  
  	     		 	     	 	         	   
/03+*   &
. %"
 
%3

 	
    
 
)	
       	
    
 	 
 1	     	
  	        
            	
  
        	   	      	 
 	
   
 	  
   
  	   
 	
  
 

  
  
 
   	
      	  	 

	    	
  	  	 
 &   
 	  	  	
  
  9		        		  
	          	  	 
  
   
  	
   	 	   
 	 
 @
   
  	   
 	 	 
	  	
   	       
    
  	 
 	 	  	
   
       	
   	      	 	     
  	   
	
     	      
  
	
     	
  
	            
	
    
  	   	 
   	      4  	 	 
 	
    
     
    	   1	 	  
		   

  
 	  	  	
  
  
   
	 	 
 	  	
   
	
	  	 
 	
     
4	    	 
		 	  @	
  
  	     		
     	
   : 
  	   
  
   	
    
 	   	 		  

     	     4
	 
 	   

  	   	 
  
     	   	  
   	 	 
    @
 

  
 
	      
  &	  	             
    
	   
 
 	
 
 	   
 
	  	)
     	  
  
    
4-		  	     


  	
  	 	
  	    	    	
  	  
   	
     
	 , 	  
 
	
   	
  	      	   G) $%% & 
	  
		
    
  	      
6!6
:
     
 
	
  	        
   	 
 23         9
	   
	 	
   	  *
	(.C  /> 
 	  	       	 - 	 
   	    
	
  
 
	  
  
  
 	
   B,.&   
	-    	   ,:*     	 	     	   
 
5 #!###"
*
	 <	 	 $%%/&<	 	 		
   	   <	 	
>9$%%0&.
      
    
	  	 
 
	
 8>
 >	<
 
	  
   
>
1	 79 6 &4#	  8 
*	
  
	 ( B
?#
  .	 	
 
2 $! $=
:
 55 =&8	
   
     
  #’?.	  
	4
	
  < >
   
 7
 	 8 
G) ,( 	 3A .+$%% &,
	
   	   	   
      
 
 	
    
   	 0	,	  	
  *     :	
  >

	 ( /$%
.u.+
 >   )($%&+
      	 
   	 
   
   
   
	 8#4
N  .B
	   :$%%6&	
    
    
 >72
 	
   	   
8	 
 >
  
 	
 # 7  #72!#00D06=$
6!!
 	  
 
 	  
 
  	0?*1 
 
 	
    	$’ &    
   	  
   $;33   
 
      )
 
 "5 $0 %    ’
   
’( )’* + 9   " 
    
  
  "   
  
  
    " "  
’ "   
  
 "  "
    
   2  
  
   
  " )  
    
        
                 )   
   "       $
                  - 
        "
     " "  
 "$   $" 
       
     
      !"       
 "  2  ’  
    
 "           "  )2        2    " 
  
       
  
    ""   2    
,-.)$+ )
 
  
  "$>"       "$U    
 
    	      
  
	 	   
  	    	 	
  
 	
    
  
   
 
	
  
   	 
  	    
	
 
  
   
 :-  
  
   
  
  
      	   	     
	 	    
   	     	
   	
 	
    
   
 
	

  +24*&
 	
    	      
	   	      	    		
  	  -
	 
	  	 	   
     	
   	    	
   	 	
     	 
	  	 	   
	
    	
 @
 	  	   "/+

  +   " C
	 	$%%%& 	   
	 
   -

	       -

	1     	
   
   
       
-	 	   
   
   	 
        	  	      	   	
$%%&, 
	
  	            	      	       
     	       
   
 
   	  
 @
 	   	    	   
	
  	
   	    	   	      	  -

	  
  
  	  
 	       	 
  	 	    	        	      )
	      
	  B .	 
$%%& 	  	
  	   	 	 	  	  	  
 	
      	  
     
     1	 	   
 
V 
	   	  $%%&

  @       cC
,AD,7*$%%"&   	 -	 	 	    	 4	   
 
 	  
 @
     
	  	
   	    	 	 
	    	         	 
  
	 	    	   	$%%&
*  	  	
        
	 -
    1	
   	
   
 	 
    
	  	
  		         	
         
  
  
  
 #$#2
!
#23*4 "#
+ #
 &
#+"
  &
#%#’#"
 
% &
#%#’#
#% "
C	  	 	 	    	  	   

	
    	  	
    
  
 	
  	
 > 
	
    
	
   
  
  	  $%%&  	 $%%&
6!=
#	        	    	
      
	 	        	    	  
  	       	 &  
   
  	  	  - 
	
  
	 	       
   -   B1    $7 	   
 

   6 7   $%%% B 
  
   	$%%& 4    	 

 	   	      	   	   &?     &   &        
	  &    	   &4  
   
  
        
     
      	 4       	 
 	   
	
      
	 ) 	
   		 
       4	
       
   
  
 	
  
    ,	 
  	           
           	          	   
		     
&1	 
   
  
   	     

 		   
	   	
  
    
          	  		 
 	  		 
 
	 
 	         	
    
     
     	  
     &4 
  -    
           
 
	
	
   
      		    	   	

	  
  
 	 	
  	
 
4 	     	   	 	   
  
  
	   
 	     
	       	
 
  	   	  	
    &  /       
 	  
  
 
		   	  
 
	 
    
	  	
   	
  
     	  
     	
 1          
-

	    	
   	         	
   
  	 	  
	  -   	 :
&4	    
 

 	 	 
 
)	 	    	
      	
 
   	    	 .     
    	 
 :
     
    
 
)	
 2   	   	   
 :
   
/0+%       !<
%& 00’C&&   
 !!	 %& ’
-
 
0 
(     
 ! 
  !	 %&(
(-  %8   
 !    
  E  0(  
&0’C&&   
 ! 
 %&’
 
         
 ! 
 %&  
  
 0 
(     
 ! 
   
 %&(
(  2%   
 ! 
 . ( 0
6!"

	 
  

 

 
 

 	 

   


	 
 

 


	 
 
 
 

	 

 

, 	   	 
 :
           
1
	   
  	      	

       
           
 2  
    		    	 
	    
	
       
        	
   
	   	  	
  4      G 
 $%%%& 7  
 	 


       
    	 	      	 	   	       (
   
 
	
      &    	  
  
 
	   	      A 	         
 
	
 	     	   	 	     	  	 
 	   	
  &
#!#’#
 	
  
 	     	 
   	     	  	
 4	
   
	  	  	  	  	
 
 	
 	  -

	  
 

	 	
   	
   	      	  $%%&4 -   
 
 

	 	 
	   
      
   	     
    
   
   
 
	 	   	 	  
	 	   
 	    
  	4
  	 
 	
  		    	
 	 	 
 	
      	
  
 
	 
  
    	     	 
 
 
 	 $%%&:
$
		  	
 
 
 	 
 
    	    	         	 
  
	  	
 : - 	  
   
 	   
    	 :
 $	&
  
 	 	
   
  
     
	        
 	     
 	   
 	    
    
 
	 
		   
 
	
 	  	&
      	 	           
    	 
	   	    

      
  	  :
$
 	&4 @  	  
 	
  
      
 	    
  	      
 
	 	   	   & 	 	 	   

	    1 
     	   
 
	 
             
 	   
    
	
/0+?      	            0’
-
 (
(-   ( (        	!0
,  &
+# "
, $#$#2
C	  	
   
 	    
  
  
       "
   " @#*.A’ 	
  
 
 
 	     
    
    
  	 	  2
	 
	  
  	  
 	     
  
      	
   	 	   
         7  	
 
    		 
 
	  
	  
 	 	  	     	    	   
 	 	  	  	
  
	      	   
	 
        	  
  	   	
 $$&
 
 	  	 	 
 	   
   
    
6! 
  
	 
 
 
	 
   
  
	
gregate, and decompose operations. Refinement is not required in case of the updateWEIGHT operation as it 
does not modify structure or geometry of argument layouts.
3.2 Select operation
The select operation selects les from the argument layout E based on predicates on les in E. For example, 
a layout consisting of whole spaces that are offices may be selected with the select operation from an ar-
gument layout that also includes service rooms and circulation spaces. The operation has the signature
where
  is a list of predicates on attributes of les in E – tar-
geted les are selected, and
 E is a layout (a layout operation expression).
If there is a predicate on whole spaces in PLE, then whole spaces are selected explicitly. If not, then whole 
spaces are selected implicitly if they are related to selected les. This is because les that are not whole 
spaces are dependent on whole spaces. For example, a furnishing element that is not contained in a 
whole space is considered as inconsistent (Section 2.2). Similarly, if a space element is selected explicitly 
but not its surrounding subspaces, then these subspaces are selected implicitly (and vice versa). The op-
eration does not support predicates on attributes of lers because lers are derived from les. Operation pro-
cessing involves these steps:
1. A relational algebra selection operation (Silberschatz, Korth, and Sudarshan, 2006) is created and 
executed for each  in PLE to select les from the argument layout E.
2. If there is no predicate on whole spaces in PLE, then whole spaces that are related to selected les 
are selected. A whole space ws is related to a layout element le if
 ws contains le (le is a cse or a subspace),
 ws is bounded by le (le is an sbe), or
 ws is bounded by an sbe that is near le (le is an ese).
3. If there are selected space elements that are surrounded by unselected subspaces, then these 
subspaces are selected (and vice versa).
4. The intermediate layout is refined into the result layout (Section 2.2).
Examples of the select operation are shown in Fig. 3. In the first example (Fig. 3, top right), all whole 
spaces are selected from the argument layout (Fig. 3, top left). Sbes and lers are derived when the inter-
mediate layout is refined. 
In the second example (Fig. 3, down left), whole spaces that are WORK spaces and all ses are selected 
from the same argument layout. The cabinet in the CIRCULATION whole space is initially selected but not 
contained in a selected whole space. It is therefore removed when the intermediate layout is refined. Sub-
spaces are selected implicitly if they surround selected ses.
In the third example (Fig. 3, down right), there is no whole space predicate. That is, whole spaces are se-
lected implicitly if they are related to selected doors or subspaces. 
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The predicate  targets space elements that are doors (instances of type 
DoorT) and less than 0.9 m wide. The   symbol stands for the natural join operation in relational algebra. 
A stand-alone subspace in the left whole space in the argument layout which does not surround a space 
element is selected as well.
Fig. 3: Examples of the select operation. AWS, BSBE,WS, and BSBE,SS relations are not shown.
3.3 Aggregate operation
The aggregate operation merges sets of whole spaces in the argument layout E into larger whole spaces. 
Whole spaces in a whole space set belong to the same group (as specified by given whole space attrib-
utes) and are connected in a subnetwork of the le network of E (as specified by given predicates on barri-
er les and lers). For example, the aggregate operation may be used to derive a layout with whole spaces 
that result from merging whole spaces with the same function in an argument layout. The operation has 
the signature
where
  is a list of whole space attributes that are used to group whole 
spaces in E,
  is a list of predicates on attributes of les in E – 
targeted les are used as barriers,
  is a list of predicates on attributes of 
lers in E – targeted lers are used as barriers, and
 E is a layout (a layout operation expression).
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In the second example (Fig. 4, down left), aggregation is done only based on whole space connectivity as 
no whole space attributes are specified ( ). Since AWS and OSBE elements are barriers, feasible 
paths between whole spaces include doors. Moreover, doors in these paths are more than 0.9 m wide. The  
new whole space has WORK and CIRCULATION functions.
In the third example (Fig. 4, down right), grouping is done based on the whole space functions attribute, 
but tracing of the argument layout's le network to determine whole space connectivity is restricted as in 
the second example. No whole spaces are aggregated because no pair of whole spaces belong to the same 
whole space group and are connected when barriers are considered.
3.4 Decompose operation
The decompose operation replaces whole spaces in the argument layout E that contain selected subspaces 
with smaller whole spaces. The volumes of the smaller whole spaces are derived from the volumes of re-
placed whole spaces and the positions of selected subspaces. For example, the decompose operation may 
be used to derive a layout from an argument layout where subspaces that surround luminaires are used 
to derive smaller whole spaces. The operation has the signature
where
 pSS is a predicate on attributes of subspaces in E – targeted subspaces are used to decompose 
whole spaces, and
 E is a layout (a layout operation expression).
Any subspace is selectable for decomposition regardless of its volume type (Section 2.1). The positions of 
selected subspaces and containing whole space volumes are used to derive geodesic Voronoi cells (Auren-
hammer and Klein, 2000, Section 2.1). These cells become the volumes of new whole spaces. Operation 
processing involves these steps:
1. A relational algebra selection operation is created and executed based on pSS to select subspaces 
from the argument layout E that are used to derive new whole spaces.
2. For each whole space ws that contains a set  of selected subspaces, positions of subspaces in 
and the ws volume are used as, respectively, sites and obstructions to generate geodesic Voronoi 
cells (Aurenhammer and Klein, 2000).
3. A whole space is created for each selected subspace ss. The geodesic Voronoi cell derived for ss 
in the previous step becomes the volume of the new whole space. Attribute values are copied 
from the whole space that contains ss or recomputed.
4. Whole spaces that contain selected subspaces are removed.
5. The intermediate layout is refined into the result layout (Section 2.2).
Examples of the decompose operation are shown in Fig. 5. In the first example (Fig. 5, top right), the 
whole space in the argument layout (Fig. 5, top left) is decomposed based on subspaces that surround lu-
minaires. The weight of these subspaces is 2 or 3. Consequently, each whole space in the result layout 
contains a luminaire.
In the second example (Fig. 5, down left), the whole space is decomposed based on subspaces that sur-
round luminaires and are near windows. The weight of these subspaces is 2. Each whole space in the res-
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ult layout contains two luminaires. Decomposition based on subspaces that are distant from windows 
(whose weight is 3) would result in the same layout.
In the third example (Fig. 5, down right), the whole space is decomposed based on subspaces that sur-
round windows and whose weight is 1. All luminaires in a new whole space are nearer (by Euclidean dis-
tance) to the position of the subspace that surrounds the window in the same whole space than to the 
position of the same kind of subspace in the other whole space.
Fig. 5: Examples of the decompose operation. AWS, BSBE,WS, and BSBE,SS relations are not shown.
3.5 UpdateWEIGHT operation
The updateWEIGHT operation derives weights of shortest paths from selected source les to selected destina-
tion les in an argument layout E and assigns these weights to the weight attributes of source les. For ex-
ample, the updateWEIGHT operation may be used to derive a layout from an argument layout where lumin-
aire weights reflect the weights of shortest paths to nearest windows. The operation has the signature
where
  is a list of predicates on attributes of les in E – 
targeted les are used as source les whose weights are updated,
  is a list of predicates on attributes of les in E – 
targeted les are used as destination les,
  is a list of predicates on attributes of les in E – 
targeted les are used as barriers,
574
  is a list of predicates on attributes of 
lers in E –  targeted lers are used as barriers, and
 E is a layout (a layout operation expression).
Only weights of source les targeted by  are updated by the operation. If there are multiple destination les, 
then the weight of the shortest path from a source le to its nearest destination le is determined. The 
weight of a source le which is also a destination le is 0. Operation processing involves these steps:
1. A relational algebra selection operation is created and executed for each  in  to de-
termine source les (les) in the argument layout E.
2. Similarly, destination les (led) are determined based on .
3. The nearest led is determined for each les. Search for the nearest led is restricted to a subnetwork 
of the argument layout’s le network, as specified by lebs and lerbs. Only ler weights are considered 
to determine path weights. Le weights and ler directions are ignored.
4. For each les, the weight of the shortest path to its nearest led is assigned to its weight attribute.
Examples of the updateWEIGHT operation are shown in Fig. 6. For all examples, ler weights are 1. In the first 
example (Fig. 6, top right), the weight of each subspace in the argument layout (Fig. 6, top left) is updated 
based on the weight of the shortest path to the nearest window. BSBE,SS elements are barriers for computing 
shortest paths. Luminaire subspaces with a weight of 2 are closer to the windows than those with a 
weight of 3. 
In the second example (Fig. 6, down left), the weight of each space element is updated based on the 
weight of the shortest path to a destination luminaire (). BSBE,SS and NSE,SBE elements are barriers for comput-
ing shortest paths. Weights suggest that the right window is closer to the destination luminaire than the 
left one.
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6"!
In addition to augmenting the panorama with a model, we could also augment it with other data, such as 
sensor readings (e.g. temperature measured on site, sound, etc.), making the monitoring experience more 
complete.
The system does not have to be limited to 1 panorama – we could easily envision several panoramas ob-
tained by a number of cameras on a site, and the remote user could navigate between those augmented 
panoramas.
Finally, the camera could be controlled to detect changes in the scene, and the system would automatic-
ally update the panorama for those areas that have changed.  Similarly, it could increase the camera’s fo-
cal length to increase panorama resolution for those areas that require more detail.
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6" 
variety of building analyses, automatic clash detection, design visualizations, and precise quantity 
takeoffs. In addition, the resulting digital design model can be leveraged for a variety of related tasks, 
such as construction sequencing, digital fabrication, and facilities management. 
The concept Building Information Modeling (BIM) may be described as the way, (Brown, F.E. & others,1995) 
(Popovas V. & others., 2003): 
 To develop the strategy of building project, construction, and maintenance management based on 
the computer aided modeling and simulation technology of the project and its development pro-
cesses;
 To ensure the integrated management of graphical and information data flows enabling to com-
bine virtual graphics (CAD), (Brown F.E. & others, 1995). with information data basis and process 
descriptions, all this performing under a unified software environment; 
 To transform individual executors into teams and decentralize tools into complex solutions, to in-
tegrate individual tasks into processes;
 To perform life cycle operations of a construction project faster, more effective, and with lower 
cost.
The interoperability requirements of construction documents include the drawings, procurement details, 
environmental conditions, submittal processes and other specifications for building quality. It is anticip-
ated by proponents that BIM can be utilized to bridge the information loss associated with handing a pro-
ject from design team, to construction team and to building owner/operator, by allowing each group to 
add to and reference back to all information they acquire during their period of contribution to the BIM 
model.
2.2 BIM Benefits 
The key benefit of BIM is its accurate geometrical representation of the parts of a building in an integrated 
data environment (CRC Construction Innovation, 2007). Other related benefits are: 
 Faster and more effective processes – information is more easily shared, can be value-added and re-
used, (Bazjanac, V., 2006). 
 Better design – building proposals can be rigorously analyzed, simulations can be performed quickly 
and performance benchmarked, enabling improved and innovative solutions. 
 Controlled whole-life costs and environmental data – environmental performance is more predictable, 
lifecycle costs are better understood. 
 Better production quality – documentation output is flexible and exploits automation, (Associated Gen-
eral Contractors of America, 2005). 
 Automated assembly – digital product data can be exploited in downstream processes and be used for 
manufacturing/assembling of structural systems, [See figure 1].  
 Better customer service – proposals are better understood through accurate visualization. 
 Lifecycle data – requirements, design, construction and operational information can be used in facilities 
management. 
590
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 Architects and engineers can collaborate to generate many alternative concepts for building form, 
envelope, and landscaping. This allows focus on minimizing peak energy loads, demand, and con-
sumption.
 Typically, heating and cooling load reductions from shading devices, better glazing, insulation, ef-
ficient lighting, day lighting, and active and passive solar systems allow for smaller and less ex-
pensive HVAC equipment which, when well designed, can result in little or no increase in con-
struction cost compared to conventional designs. Simulations are used to refine designs and en-
sure that energy-conservation and capital cost goals are met and to demonstrate compliance with 
regulatory requirements
5. Final Thoughts
Growing awareness of the impact of buildings and infrastructure on the environment has increased the 
need for building-industry professionals to embrace sustainable practices. Sustainable design is a major 
trend driving process change within our industry, requiring a workflow that provides more information 
earlier in the design process. BIM is poised to facilitate this change because it enables an integrated 
design workflow, linking design and analysis. As the use of BIM in the building industry grows, building 
designs and outcomes will become more accurate, buildable, predictable, and sustainable, enabling the 
cost-effective design and delivery of healthy, resource-efficient buildings and mitigating the carbon foot-
print of our built environment.
The perfect ideal of BIM may not be attainable, but pieces of it are definitely coming together. Projects-and 
the environment-are benefiting from more cohesive teamwork and a greater degree of interoperability 
among software systems. Architects are receiving better, earlier energy-related analysis; engineers are 
providing more focused expertise during design; builders are reducing waste in construction; and facility 
managers are increasing the efficiency of their operations. And many of those experiencing the benefits of 
technology and teamwork have visions of still more capabilities and benefits in the future. At a time when 
economical use of resources is critical, to the survival of the building trades and, potentially, to the surviv-
al of human and biotic communities, it makes sense to take a new look at how we create efficient build-
ings. The technology is available today to help architects find the best solution. And as the demand for 
“more green” increases, developers will expand these analytical tools to take advantage of the power of 
BIM. One more thing, while you are designing the greenest buildings, why not do it on one of the world’s 
greenest computers? In addition to their power and ease of use, Apple’s lineups of notebooks are energy 
efficient and built with the environment in mind.
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Fig.1: Game engine architecture.
4. Methodology
4.1 Navigation Process of the Composite Hazard
The composite hazard is a large scale and complex event. In order to present the whole course of the 
event clearly, the entire process of the hazard is divided into six sequential scenes. Each scene is presen-
ted in two parts i.e. the introduction and simulation of the hazard. In the introduction, we describe the 
partial course of the hazard through text and narration. In the simulation, we construct a virtual environ-
ment showing the hazard occurring to allow the user to walk into the partial course of the hazard and see 
what is happening.
Fig. 2: The navigation process of the composite hazard.
The course of the composite hazard that happened in Siaolin village is divided into six parts: the typhoon’-
s arrival, submersion of the village, deep landslides, the formation of landslide dams, landslide dam fail-
ure and the aftermath of the hazard. The first part of the hazard course is the typhoon’s arrival. This part 
demonstrates the beginning of the hazard. At the beginning, the typhoon brought continuous rain and the 
flooding submerged a road near the village. The second part shows the village submersion and the people 
of the village escaping to a safer, higher place. The user can easily understand the process through differ-
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Quick evaluations and objective data are the basis to assist the site manager. Production data obtained 
and changes in the building process or structure have to be reported respectively documented anyway. To 
avoid extra effort – the site management should be relieved – in future such data have to be entered into 
the management software directly and only there. At the same time data are input the site manager can 
get exact information about hours, plant utilization, material quantities, all for the complete site. 
In case any changes have been applied to the 3D model (in CAD), a new cpixml file will be imported into 
RIB iTWO and the quantities will be actualized automatically by the clear identification of the components 
and their parameters. Changed quantities then will also change estimated costs.
2.2.2 Model based scheduling, simulation and controlling
The scheduling for the pilot construction site was created in ASTA Power Project and then imported to the 
activity model of RIB iTWO. This is not only a simple “transfer of data” but a dynamic connection between 
both systems.
Linking BoQ components to the scheduling of execution, and having linked those already with the con-
struction elements the result is a full 5D model.
One of the soft benefits for the site manager is to “see what you build” (and what you have built), de-
tailed in 3D plus timing plus costing and evaluable for several activities. At each point it’s possible to re-
quest a new target planning of resources like hours, plants, material etc. in the single activities.
Fig. 3: 5D Simulation (source: RIB Deutschland GmbH)
Comparing “virtual reality” and “reality” hence planned and actual execution allows the project manager 
to control not only the schedule, but also the use of budget.
610
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3/G
ies at adequate cost (total construction cost has been below EUR 110.000,- : that involves 90 m2 roof and 
a new story of appr. 70 m2). The workflow shifts responsibility and liability from companies and contract-
ors to the architects and their consultants, as the success of the construction is completely depending on 
the data produced by the planning team. This has to be reflected in the planner´s fees. For the client the 
workflow dramatically increases the certainty about cost, as all elements are known before the start of 
building process. The parametric, generic nature of this concept allows for changes in the very last minute 
before construction starts, as has happened with this project (Fig. 11). Such changes are nearly effortless 
for the planners. All construction data is updated and formatted within a few hours.
Fig. 11: last-minute change of the roof shape
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Monitoring, Analysis and Optimisation Process which act as a backbone for the developed system was in-
troduced.  This was followed by the description of the Holistic Multi-Dimensional Information Management 
System with its components: Extraction, Transformation and Loading (ETL) tool, Data Warehouse core and 
Information Representation tools. The purpose of the developed system is to store, integrate, analyse 
complex data sets from multiple data and information sources such as wired/wireless sensing devices 
(sensors and meters) and BIM tools. Data collected from the sensing devices is classified and categorised 
by the information extracted from the BIM tools and aggregated for performing multi-dimensional analysis 
of building performance data to support decision making processes of the different stakeholders through 
specifically developed GUIs. The developed system is open to further expansions. Since the system stores 
all building related information, it offers a high potential for building performance monitoring and multi-di-
mensional analysis as a powerful tool for data aggregation. This aggregated data can be used and be fur-
ther developed for more advanced data analysis techniques like Knowledge Discovery (KDD) and Data Min-
ing.
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3;3
acquisition have already been presented. (Ailland 2010b) In relation to the development of the process 
modules, it is also necessary to design appropriate interfaces to update the simulation parameters and to 
integrate these interfaces during the implementation of the toolbox into a simulation tool. 
6. Conclusion and Outlook
This paper shows how a software- and context-independent model kit for process modules in construction 
engineering can be developed, with which construction processes, based on different construction meth-
ods, can be modeled and afterwards with respect to specific objectives can be simulated and optimized. 
In a first step, all necessary data is recorded for a chosen sample process (construction of bridge curbs) 
and displayed in form of an event-driven process chain by Ailland. Based on this process chain, the indi-
vidual sub-processes are combined to complex units. These identified components can then be assigned 
to the appropriate process classes, based on the basis of their determining factors.
In a next step, the identified processes including their interdependencies will be mapped into a do-
main-independent and standardized notation (e.g. UML or EPC) to enable an implementation of the result-
ing model kit for the production of bridge curbs into different simulation tools. In a subsequent step, this 
kit will be implemented in a selected simulation tool. The input parameters for the simulation are recor-
ded by corresponding data acquisition during the construction phase. The simulation model is thus kept 
up to date and therewith it allows a flexible simulation of the entire process, while also considering chan-
ging process conditions and actual resource availability.
Moreover, it will be possible to consider additional dependencies. This is especially interesting in view of 
the availability of working space on the construction site (Elamahdi 2010) and with regard to the influence 
of other hazards like weather on the construction progress (Le 2010). In addition to the development of a 
toolbox for the modeling and simulation of specific construction projects, the central aspect of the work 
presented is in particular the development of suitable concepts for day-to-day data acquisition on the con-
struction site and the consequent updating of the simulation model. Moreover it is also possible to build 
up a decision rules-driven knowledge system, which supports the selection of the appropriate processes 
out of the library and in dependence of the recorded day-to-day data. 
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3F7
lifting operation is broken down into separate hooking, lifting, swinging and horizontal activities as shown 
in Figure 1. As a result, the total cycle time for any given operation is calculated according to the Equation 
(1).
Fig. 1: Crane lifting activities
∑ ∑∑∑
∈ ∈∈∈

 




 	
 (1)
where A and B represent the sets of static (e.g hook-up and un-hook), and dynamic (e.g. lifting, swinging, 
and lowering), activities occurring as part of the lifting cycle (see Figure 1). As for 
 and 	 , they refer to 
the load distance and velocity corresponding to activity b. Because of uncertainties, the parameters occur-
ring in equation (1) will be described by appropriate probability distributions in the simulator, which will 
quantify the cost (in terms of time) of each sequence of activities. In addition to the uncertainties men-
tioned above, there are also variations in speeds for hoisting, radial, and horizontal trolley movements. 
The proposed methodology is comprised of four components, as shown in Figure 2. The focus of this pa-
per is on the improvement of tower crane operations, which include simulation, visualization, and pro-
ductivity of resources. The simulation model provides an alternative analysis to perform the crane’s lifting 
operation. To complement the simulation, visualization assists in determining the real time for each activ-
ity and improving the productivity of resources. The productivity model calculates the resource require-
ments and their utilization from both the simulation and visualization model and provides the most feas-
ible option. The site geometry includes: (1) construction site layout, (2) building height (which evolves as 
the project progresses), (3) source location, (4) placing locations, and (5) obstacles (which also are dy-
namic in nature). The required information about load includes: size and shape, weight, and rigging re-
quirements. Crane geometry and capacity information is obtained either from the manufacturers (technical 
specification manuals) or alternatively, from an existing crane database. The lifting operation process is 
based upon the following criteria: (1) safety, (2) lifting capacity, (3) priority of installation, (4) duration of 
each activity, and (5) cost. The model output includes the following four components: (1) suggested crane 
type, (2) best possible cycle time of each activity, (3) resource requirement and utilization, and (4) lifting 
schedule. This paper focuses on the process used to automate and minimize the activities associated with 
lifting operations of high-rise building construction. 
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8 Unhook module 2 1 1
9 Scaffold transfer 6 5 4
10 Swing back to loading zone 0.75 0.5 0.4
11 Hoist down main line 0.5 0.4 0.3
12 Bolt/Weld module to structure 15 12 10
13 Fireproofing partition walls 15 12 10
14 Inspect installation 6 5 4
Using a single jib tower crane while satisfying all the required criteria, 20 modules can be installed per day 
at floor 2. For floor 33, using this crane operation sequence, 15 modules can be installed per day. Using a 
double jib crane, 22 modules can be installed per day at floor 2, and 17 modules can be installed per day 
at floor 33. Figure 8 illustrates the module installation per day on each floor using both crane types.
Fig. 8: Number of module installations per day at each floor level for both types of tower cranes
Although simulation models are routinely used in a variety of applications in science and engineering, it is 
instructive to calculate the average time corresponding to the case described in Table 1. For such a case, 
 is called as the random variable representing the time for activity i. As a result, the random variable 
 gives the total time for the fourteen steps, and can be expressed using Equation (4).
∑     (4)
Since the random variables occurring on the right hand side correspond to independent activities, the 
total average time can be calculated by satisfying Equation (5).
∑    (5)
Now, given that a triangular distribution profile is assumed for each task, the total mean time can easily 
be calculated with Equation (6)
∑



 
  (6)
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where    and  represent the pessimistic, the most likely and the optimistic times, respectively. Now, 
using the above relationship, the expected time to install the first module in a day at the second floor is 
obtained immediately, that is 	 minutes. As for the remaining modules, the installation time 
will decrease since some tasks are performed in parallel (see Figure 7). In fact, since the installation is 
crane controlled, the expected installation time for subsequent modules is calculated using the operation 
cycle of the crane, namely swing back, hoist down main line, hookup, hoist up, swing forward, hoist 
down, align, unhook and scaffold transfer. The use of the probability density functions describing such a 
sequence of activities (see table 1) in connection with Equation (6) yields the following mean installation 
time 
	 minutes. It is this time that is used to setup a schedule for all the modules ranked #3 
or higher. The module # 1, 2 for a day comes with scaffolding setup; thus there is no need to transfer 
scaffold for that module which makes the installation time approximately 20 to 21 minutes for module # 
2. Of course, simulation times may differ slightly but the differences should fall within the limits of the 
chosen confidence interval. Indeed, if the sequence of installation times given in Table (1) for the second 
floor using a single jib crane are considered, the 95% confidence interval for the mean installation time 
calculated (using the times corresponding to module #3 and on) can be written as follows: 
	
			 ≤≤⇒≤≤− −−  

 μμ αα
After validate the simulation model with the mathematical model a possible daily crane lifting schedule 
for different floor using both type of cranes is prepared. Table 2 summarizes the start and finish time of a 
working day with the installation complete time of each module at the 2nd and 34th floor for both types of 
crane.
Table 2: Typical module installation schedule on a day at 2nd and 34th floor using single or double jib crane
Single-Jib Crane Double-Jib Crane
2nd Floor 34th Floor 2nd Floor 34th Floor
Module Time Installed Module Time Installed Module Time Installed Module Time Installed
(Start at 7:40:00 AM)
1st 8:40:00 AM 1st 8:45:00 AM 1st 8:35:00 AM 1st 8:40:00 AM
2nd 9:00:00 AM 2nd 9:16:00 AM 2nd 8:54:00 AM 2nd 9:05:00 AM
3rd 9:23:00 AM 3rd 9:47:00 AM 3rd 9:15:00 AM 3rd 9:33:00 AM
4th 9:46:00 AM 4th 10:18:00 AM 4th 9:36:00 AM 4th 10:01:00 AM
5th 10:09:00 AM 5th 10:49:00 AM 5th 9:57:00 AM 5th 10:29:00 AM
6th 10:32:00 AM 6th 11:20:00 AM 6th 10:18:00 AM 6th 10:57:00 AM
7th 10:55:00 AM 7th 11:51:00 AM 7th 10:39:00 AM 7th 11:25:00 AM
8th 11:18:00 AM - Lunch Break 8th 11:00:00 AM 8th 12:53:00 AM
9th 11:41:00 AM 8th 1:22:00 PM 9th 11:21:00 AM - Lunch Break
10th 12:05:00 PM 9th 1:53:00 PM 10th 11:42:00 AM 9th 1:21:00 PM
- Lunch Break 10th 2:24:00 PM 11th 12:03:00 PM 10th 1:49:00 PM
11th 1:28:00 PM 11th 2:55:00 PM - Lunch Break 11th 2:17:00 PM
12th 1:51:00 PM 12th 3:26:00 PM 12th 1:24:00 PM 12th 2:45:00 PM
13th 2:14:00 PM 13th 3:57:00 PM 13th 1:45:00 PM 13th 3:13:00 PM
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3AA
defined exclusively by the perceived connection between the tracked tag and its neighbors. The range-
based method depends greatly on line-of-sight communication and requires expensive infrastructure. It 
also suffers from the presence of different materials, equipment, and building structures at construction 
sites. As such, RSSI and range-free methods are considered to be more suitable for localization applica-
tions on building construction sites. The majority of positioning systems employed the RSSI owing to its 
broad accessibility in wireless radio signal communication (Lymberopoulos et al. 2006). In addition, solu-
tions in range-free localization are identified as a more cost-effective alternative to the range-based ap-
proaches for large scale sensor networks (He et al. 2003).
The localization architecture called LEMON uses an RF-based localization scheme [14] which operates based 
on sensing the strength of the received RF signal and is a combination of a range-free method and RSSI 
profiling. This architecture is simpler and more accurate than other approaches and the uniformity and 
low cost of devices makes it a highly viable and very practical solution for construction. The infrastructure 
nodes of the proposed localization architecture are low-cost, low-power wireless devices [EMSPCC11 by 
Olsonet Communications (Olsonet Communications Corp, 2011)]. The node makes use of the CC1100 RF 
module from Texas Instruments, operating within the 916MHz band. From an operational point of view, the 
node is called a “peg” when it captures signal strength. The pegs’ locations are fixed (static nodes) and 
their precise location need not be known. A monitored device, which is a node of the same type as a peg, 
is called a tag. 
The process of location estimation in LEMON consists of two phases: profiling and actual localization. Gen-
erally, during operation in both phases, a tracked tag periodically emits RF packets. In the profiling stage, 
tags are located at predetermined known locations called reference points. LEMON maintains a database of 
signal strength readings from tags on a central server. In this phase, all the pegs that can “hear” the RF 
packets emitted by the tags will forward the data as a report to the central server. The database consists 
of samples which are stored as Triplets Ω τ in which  represents  the known coordinates of the 
sampled point, Ω  stands for the association set (which comprises peg ID and the RSS value received by 
that Peg), and symbolizes the class of sample, identifying the RF parameters of the transmitter (such as 
transmission power, bit rate, and channel number). The process of actual localization of the tracked tag is 
similar as the profiling stage. The only difference between the profiling phase and actual localization is 
that, in the profiling stage, the association set of tag profiling reports also includes the known coordinates 
of the sampled point, but in the actual localization stage, the location of the tracked tags needs to be es-
timated based on the location of sampled points.
In the localization stage, the server compares the perception of the tracked tag's RSSI measured by all the 
pegs in the monitored area and the RSSI of each profiled reference point and evaluates the difference 
between the tag and all the profiling points. If   Ω  and   ψψΨ  are assumed to be 
two association’s sets, the distance between these sets will be:
	

 


ΨΩ

−ΨΩ ∑
where is the total number of Pegs in the network and  is defined as  , if  the pair  occurs in Ω  , and 0 
otherwise. Therefore, the server evaluates the distance of each pre-selected sample (its association set) 
from the tag’s association set representing the combined momentary perception of the tag's RSS by all the 
pegs that can hear it. Then it selects an arbitrary number  of profiled samples with the smallest distance 
from the tracked tag, which is called a best matched set of profiled points. Subsequently, the coordinates 
of the selected samples are averaged to produce the estimated coordinates of the tag. The averaging for-
689
mula biases the samples in such a way that the ones with a smaller distance contribute with a propor-
tionally larger weight.
If we assume that  is the maximum distance among the best selected samples and  is the sum of all 
those distances, thus, the tag coordinates are estimated as:





 


−×
−×

∑



 





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
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−×
−×

∑



 
where    −  are the coordinates associated with sample . Note that in this approach, RSSI is only used 
as a numerical attribute of a profile sample whose value should be close to the perceived value.
To evaluate the environmental variation due to the presence of an obstacle on the performance of the pro-
posed system, a prototype system was previously assessed in an indoor environment (Soleimanifar et al. 
2011). To mock the situations commonly encountered in construction sites, a car was placed in the testing 
area, partially obstructing the radio signal paths between sensor nodes. It was found that the localization 
accuracy in the presence of obstacles remained comparable to that achieved prior to the introduction of 
obstacles. The robust nature of this localization technique thus implied its potential for deployment in 
real-world dynamic construction sites. Those settings by nature are prone to constant changes as a result 
of the presence of permanent as well as of temporary obstacles. Additionally, RSS values might not be 
available at some locations all the time. Since the positioning reliability and accuracy is directly affected 
by the quality of sample wireless signal data collected at target locations, we managed to collect an ad-
equate quantity of RSS samples at each target location. In our experiments, we observed that the cases of 
inaccessible points were rare. In such cases, the inaccessibility at a given access point could also occur on 
adjacent profiling samples. Thus, that proposed methodology employed a statistical learning approach in 
order to tolerate a certain amount of noises (such as unavailable RSS signals) in fixing a tag’s position.
The proposed WSN based positioning method provides an “ad hoc” solution for a particular application 
purpose and application setting. The experiments were designed to mimic the movement of a laborer on a 
building construction site who performs repetitive wall form-working activities. Note the laborer’s move-
ment generally follows certain patterns (not totally random).  Such patterns make it possible to carefully 
design and deploy a layout of pegs, which ensures the radio signals are available at the majority of peg 
sensor locations.
4. Error Correction Algorithm Using Radial Basis Function 
Inside the building, radio signal propagation follows a complex model due to Non Line of Sight multi-path 
effects caused by the building materials, human body absorption, neighboring devices and metal and dy-
namic nature of environment. Due to these limitations, indoor location estimation becomes a complex 
problem and is difficult to engineer using classical mathematical methods. Therefore, raw RSSI does not 
provide sufficient accuracy for location systems due to high fluctuations of the received signal over meas-
uring time (Lymberopoulos et al. 2006).
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3G/
Input X Radial Basis Functions Output F(X)
Fig. 1: Architecture of a radial basis function network.
The RBF network with m-dimensional real vector input and real output can be considered as a mapping 
function   → .We examine a fully connected RBF network to approximate F(x) and use the nor-
malized Gaussian function for neurons in a single hidden layer according to:
∑ −

 
 ϕ
where  is the input vector of a sample record, N is the number of hidden neurons,  are the weights to the 
output layer,  is the basis function and  is the center of the i-th basis function.  is the Euclidean distance 
between x and the  and   is the bias weight with input   −ϕ . The weights  can be estimated us-
ing the matrix methods of linear least squares, because the approximating function is linear in the 
weights. The Gaussian function and thin-plate-spline function are two popular choices. Usually the Gaussi-
an radial basis function is used, i.e.  . We can use RBF networks to approximate any continuous function 
    i=1,…, c by fitting the values of the function at known points .
In the proposed method, the network has two inputs and two outputs.  The initial stage entails the de-
ployment of the wireless sensor network in the actual working environment and the collection of a “calib-
ration” data set containing both the actual position data and the estimated position data resulting from 
WSN-based positioning algorithm for known points. Presented with the “calibration” set, RBF NN will be 
trained to decipher hidden relationships and complex patterns on the positioning errors of the wireless 
sensor network. Once trained, RBF NN will be used to recall the actual position of a mobile node when 
presented with a new positioning scenario. In order to achieve high accuracy, the RBF NN will be continu-
ously updated by adding new training cases to the underlying calibration set. A major benefit of a neural 
network model is that prior knowledge of the noise distribution is not required. Noisy location measure-
ments can be used directly to train the network with the actual coordinate locations. The resulting NN 
model is capable of characterizing the noise and compensating for it to obtain the accurate position. This 
differs from the Kalman filtering technique, which depends upon the knowledge of noise distribution to 
enhance localization accuracies (Shareef 2008).
5. System Implementation
To examine the feasibility and limitations of our system and to evaluate the performance of our system in 
an indoor environment, a dynamic error test using the prototype positioning system was performed in an 
underground parking lot at the University of Alberta. Construction sites are dynamic environments, which 
692
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3.2.1 Input data and mesh quality
The mesh data is prepared for the input data for pre-processing system. The four nodes tetrahedral ele-
ment is employed for the finite element. The Delaunay triangulation method (Takada and Kashiyama, 2008, 
Kashiyama et al, 2009). is employed for the mesh generator. 
The mesh quality can be evaluated by the following equation (Freitag and Knupp, 2002)
	



	

 

 


w⎠
⎞⎜⎝
⎛

∑

(1)
where  denotes the length of the edge of the element, V is the volume of the element. The mesh quality 
is to be 1 if the element is to be a regular tetrahedron and the value is to be big value if the element be-
comes a bent element. In this system, the elements which exceed the setting value for mesh quality are 
displayed by the red color in VR space. 
3.2.2 Modification by mesh refinement method
In the modification by mesh refinement, the elements which exceed the setting value for mesh quality are 
refined. Users can specify the element by using the controller. If users move the tip of beam generated 
from the controller to the inside of the element and click the button, then the element can be specified. 
In order to investigate the judgment that the element includes the tip of beam or not, the mapping meth-
od using a generalized coordinate system is employed. FIG. 5 shows the mapping from the physical do-
main to the mapped domain based on the generalized coordinate system, where the point P denotes the 
position of the tip of beam. If the coordinate of the point P in the generalized coordinate     ζηξ is 
satisfied the following condition, the point P is included in the element A-B-C-D.
 ≤≤≤≤≤≤≤       ζηξζηξ  (2)
Fig. 6 shows the pattern of refinement. The new node is generated at the centroid of the element and the 
element is subdivided into four smaller elements.
(a) Physical coordinate                       (b) Generalized coordinate
Fig. 5: Search of the element using the generalized coordinate
700
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F./
and density (in case of compressible flow) ) at nodes of the tetrahedron element. In case of unsteady 
simulation, the data for computational results are prepared for every time step. 
3.3.2 Selection of visualization method
The present system provides the following visualization methods in the VR space; isosurface, contour 
lines, color slice, particle tracing, field line and so on. The major visualization methods of present system 
are listed in Table 1. The observer can select the visualization method from the menu displayed in the VR 
space by using a controller (see Fig. 8). 
Table 1: Major visualization methods of present system
3.3.3 Calculation for visualization method
For the visualization using unstructured grid, it is very important to find vector and scalar quantities at the 
designated point quickly. To do this, it is necessary to find the element where the designated point is in-
cluded quickly. To do this, the search algorithm using bucket method and generalized coordinate system 
has been developed. The details are described in the reference (Yamazaki et al., 2010). 
Once, the element that includes the designated point is searched, the vector value and scalar valueat the 
designated point is interpolated by the value of the element node in the generalized coordinate systemas 
follows (see Fig.9).
  
!! 
!! 
!!!   ! ζζζηηηξξξζηξ −Δ
−
−
Δ
−
−
Δ
−
 (3)
where,  !!!!   denote the vector and scalar value at the element node. 
702
Fig. 8: Menu of visualization method
(for velocity field)
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Fig. 5: Relationship between the distance k and the average error for the single marker method.
Fig. 6: Relationship between the distance k and the average error for the four-marker method.
Then, we analyzed the result of the four-marker method to obtain an error estimation equation. Figure 7 
shows the statistical analysis result between the distance k and average error e. In order to obtain more 
generalized relationship, we introduced a dimensionless value of E (= e / d). Figure 8 shows the relation-
ship between k and E. By the regression analysis, we obtained the following equation:
 	  	 " − − × − ×
The correlation coefficient was 0.9739.
Fig. 7: Statistical analysis result between the distance k and average error e.
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Fig. 8: Regression analysis result between relationship between k and dimensionless E.
To diminish the dimension and to adjust the coefficients, k was divided by 1,000m and dimensionless dis-
tance factor K ( = k / 1000m) was introduced. We obtained the following equation:
 	"  −
This equation was derived directly from the experiment result by the regression analysis. By assuming 
that E should be zero if K is zero, we can erase the intercept coefficient and obtain the following equation:
" 
Please note that this equation was based on the experiment condition that the size of the hypothetical 
large marker size was 1,800mm.
5. Conclusion
In our research, the four-marker method was developed in order to utilize AR outdoors in a large scale for 
design, construction and maintenance of AEC industry. In order to evaluate and compare the errors of the 
single marker method and the four-marker method, a series of experiments were performed. The result 
showed that the four-marker method showed much better performance compared with the single marker 
method. Then, we executed regression analysis and obtained a dimensionless equations for the given con-
dition so that we could estimate errors for the future usage.
For future work, this method should be applied to actual design, construction or maintenance project of 
buildings or civil infrastructures.
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F;3
tion and model generation approach allows the investigation of logistics processes of large-scaled con-
struction project in an efficient way. The concept was validated by a case study considering the shell con-
struction of an airport terminal. In the next step the definition and reusing of logistics chains will be ad-
dressed. Furthermore, the Mefisto Container for logistics simulation will be extended by general packing 
units and further equipment data.
The authors gratefully acknowledge the financial support of the German Federal Ministry of Education and 
Research for the Mefisto project.
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users’ assumptions and experience (Lee et al. 2005b). A similar effort called FLH–QuickZone that was de-
veloped by Hardy et al. (2007) focused on accurately predicting queue lengths and delays under two-way, 
one-lane operations. Due to the simple data input, this kind of software has limited capability to analyze 
complicated delay situations (Chen et al.  2010). In order to obtain better understanding of construction 
and traffic operations, microscopic simulation packages are recommended to use by Chen et al. (2010).
3.4 Stochastic Operations Level Simulation
3.4.1 CA4PRS
The Construction Analysis for Pavement Rehabilitation Strategies (CA4PRS) was developed by the University 
of California to facilitate scheduling and production analysis of Long-life Pavement Rehabilitation Strategies 
(LLPRS) (Lee et al. 2005). It integrates Monte Carlo simulation, critical path method analysis, and linear 
scheduling to help highway agencies and paving contractors make trade-offs among various factors such 
as productivity, traffic inconvenience, and agency cost (Lee et al. 2005b). This software takes several 
factors as inputs, including Rehabilitation type, Construction windows, Lane closure tactics, Material 
strength-gain properties, PCC (Portland cement concrete) cross-section changes, AC (asphalt concrete) 
cross-section design, Pavement base structures, Contractor’s logistical resource constraints, and schedul-
ing constraints. The optimizing goal is to minimize the total cost which includes agency cost and road user 
cost. Both deterministic and probabilistic analysis can be performed in CA4PRS. And it has the ability to be 
integrated with micro- and macroscopic traffic simulation which can help quantify road user costs (Collura 
et al. 2010). 
The output of CA4PRS is the maximum production rate of highway work. Collura et al. (2010) indicated that 
the analysis of traffic delay and queue length depends on other estimation tools such as QuickZone or 
QUEWZ. Besides, the collecting of construction related data (such as truck hauling capacities, work effi-
ciencies, pavement properties) for accurate analysis needs resources.
3.4.2 Traffic Control Strategies at Construction Zones
Al-Kaisy and Kerestes (2006) investigated traffic control strategies for single-lane closures on two-lane two-
way highways. Four traffic control rules in terms of fixed-time control, fixed-queue control, “static optim-
um” or convoy rule, and adaptive control have been analyzed by using both deterministic approach and 
stochastic approach. Variables such as work zone length, average speed at work zone, lost time, traffic 
level, directional split, and interruptions to traffic by movement of construction vehicles and (or) equip-
ment into and out of the construction site are considered and modeled. While the Webster formulations as 
a deterministic approach are implemented in Microsoft Excel to calculate the average delay for the first 
three traffic control rules, it is too complicated to model the fourth rule which involves a number of 
stochastic factors. Synchro which is signal optimization software and SimTraffic which is considered as the 
most suitable traffic simulation software for signal operations are adopted in the stochastic approach.
The authors indicated that the highway capacity is critically affected by the construction activity as a res-
ult of lane closure. However, due to the limitation of the proposed approach, the stochastic characteristics 
of the traffic interruption by the construction vehicle and (or) equipment is simplified to a constant value. 
It is based on two assumptions, namely 1) the access to the activity area is close enough to either end of 
the construction zone, and 2) construction vehicles can normally get right-of-way at the same time of 
right-of-way changes between the two directions of travel. Thus, further research on the interaction 
between traffic operations and construction operations was suggested by the authors. 
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2. Chronology
Figure 1, maps the timeline of software technologies over the context of market activity. The key industry 
players followed different strategies. Some relied on their traditional main CAD platforms and built BIM 
solutions around them (Bentley, Nemetschek). Others developed entirely new modeling engines 
(Autodesk). In all cases, a complex blend of CAD and AEC technologies established the foundation of 3d 
parametric modeling. Once integrated with an Information Management system of choice, it becomes the 
final BIM solution. IM technologies took off in late 1990s.
In the same period, CAD, and AEC, became universally parametric. AEC and IM were integrated and be-
came BIM. This vigorous software development activity coincided with many decades long period of expo-
nential economic growth that continued until 2001. Afterwards, the technology development tended to be 
limited to incremental improvements. The market activity focused rather on acquisitions. One of such ac-
quisitions ended the independence of the major BIM software pioneer – Graphisoft.
3. Technologies of Collaboration and Process
Researchers agree that collaboration is essential to BIM. This collaboration expands in two directions. First, 
BIM is a CAD interoperability tool that links together design models and files of all AEC disciplines. Second, 
BIM is an Information Management platform that enables the synchronous co-operation between, as well 
as within, all involved teams. Although CAD interoperability is three decades old and it is supported by 
standardized data exchange formats like SAT, STEP, or IGES, it provides mostly a non-associative, one-way 
translation. BIM is more demanding as it relies on two-way, interactive and on-the-fly coordination of 
parametric data. Nevertheless, such expanded functionality of data exchange is an incremental improve-
ment rather than a technological breakthrough.
In contrast, collaborative team environments are a fairly new technology that was pioneered by projects 
like TeamMate, Teamwork, O.P.E.N., truEVault and NavisWorks during the second half of 1990s thus coincid-
ing with the development of Enterprise Resource Planning (ERP) tools, which integrated information flow 
across entire organizations. Furthermore, all these new collaboration tools needed to rely on the newest 
networking technologies like Internet and Gigabit Ethernet. The emergence of collaborative technologies 
marks the tentative inception of BIM as all major developers have immediately integrated their collabora-
tion tools with their respective AEC packages. By that time, 3d modeling was already universally paramet-
ric.
Notable are the different strategies adapted by the major industry players. Bentley and Nemetschek base 
their products on their main CAD platforms that are being continuously developed. Autodesk tries a few 
approaches before adapting and combining new CAD technologies. Bentley and Nemetschek diversify their 
market offerings by acquiring other AEC/BIM platforms. Such variety of strategies and components high-
lights the fact that the BIM’s touted integration, interoperability and collaboration are a delicate comprom-
ise of very different technologies (Neff, Fiore-Silfvast 2010). In all cases, the 3d modeling is the underpin-
ning of the final product. However, even this core component is a varying mix of surface and solid model-
ing methods.
Is BIM a process? Although this term is frequently associated with BIM, it may be rather the result of an 
idealized projection rather than actual attributes. Scholars define a process as a sequence of actions 
aimed at transforming inputs into a desired outcome. Other, and related, attributes of a process are ‘de-
cision,’ ‘purpose,’ ‘learning,’ ‘expertise’ and ‘quality.’ Furthermore, the term process has a wide applica-
tion scope ranging from industrial automation to entire business organizations. In all cases, the process is 
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4. Trends
BIM, as a fusion of CAD, information management, and collaboration technologies, extends over various 
building delivery workflows: architectural, structural, electrical and HVAC. We identify and discuss two dir-
ections of this extension. BIM spans across the workflows by providing a platform for collaboration and in-
formation sharing. The other axis is along the workflows, or, as researchers often refers to it, upstream 
and downstream.
Along this axis, BIM provides support for various phases of workflows: initial design, detailing, design veri-
fication and construction documentation. Furthermore, we theorize, along these axes, the trends and the 
potential of the future BIM evolution. The Figure 2 maps BIM’s expansion over a backdrop of workflows 
and processes related, technically and administratively, to building construction.
The ‘across’ direction spans over civil engineering and GIS. In fact, BIM-GIS integration is currently very 
active (Laat 2010). This direction points toward the ‘macro’ scale of BIM’s scope: through urban and re-
gional to global infrastructure modeling. There is also the potential for BIM to expand in the ‘micro’ direc-
tion (not shown on the diagram). Such direction would link BIM to material engineering thus enabling ac-
cess to the newest materials as well as driving the demand for new materials. The engineering side would 
benefit from systemic data collection from actual buildings. Another extension toward the ‘micro’ end 
would be integration with social sciences. Buildings play the critical role as behavioral settings. Ubiquitous 
information technologies expose designers to immense amounts of data Ottchen 2009). Designers would 
be able to incorporate perceptual criteria and employ behavioral analysis tools. Researchers would gain 
access to behavioral data collected from actual settings. Urban areas are subject to increasing level of sur-
veillance. Scholars note the inevitability of such approach in view of the increasing urban density. They 
also point out the evolving paradigm of surveillance, the notion of participatory surveillance and the role 
of ubiquitous connectivity. In all, surveillance needs not to be exclusively derogatory measure. Instead, it 
can also become a tool of emotional comfort management.
Within the limits of workflows, the ‘along’ axis is the subject of considerable body of research.  Scholars 
conclude that, at this moment, BIM is weak in supporting the ‘upstream’ direction: early design stages 
and ideation (Eastman 2008, Penttilä 2007, 2009). Also, the ‘downstream’ direction that supports the post-
construction operations needs much improvement. This indicates that BIM has not evolved yet too far 
from its CAD underpinnings. Workflow stages that rely on non-CAD approach tend to be poorly supported 
by BIM (Sturts 2010). Researchers point out that BIM needs to develop the capacity of dealing with ‘soft’ 
qualitative data in order to support early design stages. This implies a significant leap beyond the limita-
tions of CAD’s explicit numerical modeling. Also, the operational ‘downstream’ requires different data 
structures that are suitable for managing temporal variability. In contrast, CAD relies on modal representa-
tions – numerical 3d models do not ‘age,’ meaning there is no natural temporal component in them.
The outer circle indicates the expansion beyond the ‘productivity’ workflows and into the domain of 
higher-level governing processes. Comprehensive building lifecycles, urban and regional development es-
tablish a large-scale temporal arena for potential BIM activities. When directed toward the future, BIM has 
the potential to become a tool for planning, decision-making and goal development. In this capacity, indis-
pensable will also be the access to the past. An easily accessible repository of historical records will be 
the source for analysis and knowledge making. If expanded over such large geographical and temporal 
scales, BIM gains the potential of becoming a tool of governance, perhaps even global governance.
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4.1 The role
Achieving efficiency in integrated workflows relies on eliminating duplicate and non-contributing (non 
value-added) tasks as well as process bottlenecks. This exposes the traditional workflows to a scrutiny, 
which, in its procedural and unemotional pursuit of productivity, often questions the established wisdom 
and habits. For instance, whether BIM empowers architects, or rather, whether it diminishes their role. 
Whether it streamlines the job of engineers to the point where the concept-to-construction workflow be-
comes a viable option. Such questions flex the boundaries of the traditional professions and facilitate the 
discourse on their future. Here, BIM becomes the catalyst of change, the source of new capabilities and 
the target of new skills. BIM affords this pivotal position of importance thanks to its tremendous potential 
as a project delivery tool (Pniewski 2011). The AEC industry quotes examples of BIM’s contributions in 
terms of efficiency and cost reduction. Nevertheless, it is important to point out that BIM is far from be-
coming a universal remedy to AEC ailments. Thus further confirming its role as a complex and potent, but 
merely a tool, its success depends on the intersection of its functionality and the operational processes of 
an organization. Therefore, a skillful fusion of technology (BIM) and process (the organization) is the ne-
cessary yet elusive and difficult to quantify step. Architectural projects are complex and notoriously di-
verse thus further complicating matters. An efficient delivery of one project does not necessarily assure 
the same on a different one. This opens yet another debate: whether BIM is the vehicle of typification, or 
whether it enables uniqueness and customization.
4.2 Evolution
The question is if or when BIM, while undergoing this hypothetical expansion, becomes sufficiently de-
tached from its original purpose and starts loosing meaning within the new context. This opens the ex-
ploration of semantic evolution of BIM. Although, if assuming a gradual and continuous expansion, we can 
trace at any stage a logical connection between the new and the old, the phrase Building Information 
Modeling may become misplaced. For such comprehensive and vast information structures the identifier 
‘Building’ would probably yield to a term reflecting better the ‘total’ and ‘global’ aspects.
Many researchers have noted the BIM limitations that are stemming from its CAD origins. What are then 
the possibilities of expanding its scope? As BIM is the result of one strong technology (CAD) becoming an 
attractor and a binding nucleus for many supporting satellite technologies, a new strong technology tran-
scending the current limitations may form an entirely different nucleus and assimilate BIM in the process. 
Although speculative, such scenario has a few plausible candidates. Strong Artificial Intelligence is a ma-
chine-based intelligence that equals or surpasses that of a human. Synthetic Intelligence is a hypothetical 
concept of intelligence that is entirely different from that of a human. A machine-based knowledge-making 
and reasoning entity would open unprecedented possibilities. It would also pose unprecedented problems 
– researchers’ caution. Nevertheless, it would be capable of integrating the entire BIM and use it as a task-
oriented effector.
Yet another test of BIM’s resilience during these hypothetical transformations relates to the 3d modeling 
capacity. What are the limits of usefulness of a numerical 3d representation? The entire globe can be rep-
resented as such model. This is a viable option using, for instance, cloud computing. However, other com-
plementing global characteristics require different methods. The already developed and in use Global Cli-
mate Model technology is based on Computational Fluid Dynamics. Modeling social activity relies on mo-
tion, locational indexing and agent-based programming rather than 3d detailing. On the global scale, a 3d 
model becomes one of many components of equal importance.
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4.3 Limitations
Although the general notion of BIM is that of a tightly integrated and coherent system, researchers note 
many issues originating from the structure of BIM itself. The process of designing is an iterative temporal 
activity while a 3d parametric construct is inherently modal (Shelden 2009). Reconciling these disparities 
involves always a work-around in the form of versioning, document and file management using database 
tools. In the process, the integrity of the 3d model is altered by adding an abstract dimension of changes 
and versions. Only a rigorous control by the supervisory database logic assures a coherent representation 
across all AEC threads.
Collaboration is the important declaration of BIM. However, it is noted that the mere existence of many 
brands of BIM has raised challenges. The IFC data exchange standard is aimed at providing a consistent 
framework for information exchange between various BIM. Researchers point out though the limiting effect 
of the common (lowest) denominator. The chronology also reveals an interesting disparity between the fo-
cus of major developers on intra-BIM and inter-BIM collaboration. Four different collaboration solutions 
have been integrated with four different CAD platforms in less than three years – BIM is born. In contrast, 
adapting the IFC standard spans nine years.
5. Conclusion
The image of BIM is complex and bears signs of being an answer to the wishes of practitioners as much as 
being the result of a marketing strategy. Besides being a tangible tool responsible for many documented 
AEC achievements, BIM plays an important role as an abstract concept of architectural activity. As such, it 
provides a far more resilient ideal of collaboration and integrated workflow than its practical incarnation. It 
transcends the boundaries of current professions and workflows. It engages the academic community in 
an explorative discourse about the future of the AEC industry and the architectural profession. We sourced 
from this inspiration to examine the potential of BIM’s future directions of development. Regardless of 
whether it will remain as such, whether it will be assimilated by other technologies, or whether it will dis-
integrate from within, BIM has already established an important milestone, laid out the direction toward 
collaborative environments, and integrated workflows. BIM has formed the nucleus of significant develop-
ment potential for the future architectural workflows.
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and to determine that process’s influence on and relevance to the final outcome. Concerning the improve-
ment of design instances, the RE is a useful support tool when used in early stages of the design process. 
Moreover the implemented transformation process (Spatial Design to Structural Solution) can be used as a 
generative design instrument; depending on the user’s demands, the outcomes of the transformation pro-
cesses will be different. Diverse structural solutions can be generated based on just a single spatial 
design. Information about the structural behavior of the structural solution is also generated, which allows 
comparisons to be made between design instances.
In future, the remaining three processes (Structural Solution to Optimized Structure, Optimized Structure to 
New Spatial Design, and New Spatial Design to Optimized Spatial Design) will be implemented. Although 
the RE is still in development, it nevertheless shows great potential to contribute to the study of design 
processes and in the improvement of their outcomes.
The authors wish to thank Firat Gelbal and Carola Smulders for their contribution with the implementa-
tion of the “geometrical preprocessing” and “kinematic stabilization” procedures, respectively. The work  
of Dennis Peeten, in the development of the graphical interface, is also acknowledged.
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tempt to integrate design system to analyze the performance of a planned building (Augenbroe 1995). 
Around the turn of this century, 4D CAD approaches were applied to project planning. Life cycle ap-
proaches started with OSCON and OSCON-CAD by Aouad et al. (1998) and used an object oriented database 
linked to CAD in order to share information among various computer applications. These models focused 
primarily on the engineering aspect of the construction industry and did not target the construction man-
agement teams. 
The last decade has seen the introduction of Building Information Modeling (BIM) technology. Although rel-
atively new, initial experiences indicate that the creation of a parametric 3D model with associated inform-
ation reduces errors of design, improves design quality, shortens construction time, and significantly re-
duces construction costs (Eastman et al. 2003). Due to these initial findings the popularity of BIM has 
grown tremendously in the past decade. 
“BIM represents the process of development and use of a computer generated model to simulate the plan-
ning, design, construction and operation of a facility. The resulting model, a Building Information Model, is  
a data-rich, object-oriented, intelligent and parametric digital representation of the facility, from which  
views and data appropriate to various users’ needs can be extracted and analyzed to generate informa-
tion that can be used to make decisions and to improve the process of delivering the facility” (AGC 2005). 
The principal difference between 3D BIM and 2D CAD is that the latter describes a building by independent 
2D views such as floor-plans, sections and elevations; editing one of these views requires that all other 
views must be checked and updated. In contrast, BIM represents a design as a series of parametric ob-
jects that composed together form the building model. These “smart objects” carry all the information re-
lated to the building, including its physical and functional characteristics and project life cycle information. 
For example, an air conditioning unit within a BIM would also contain data about its supplier, operation 
and maintenance procedures, flow rates and clearance requirements (CRC Construction Innovation, 2007). 
In reality, no single, perfectly efficient Building Information Model exists. Although the benefits of BIM to 
the AEC industry are widely acknowledged and increasingly well understood and the technology to imple-
ment BIM is available and rapidly maturing, BIM adoption as a construction management tool is much 
slower than anticipated (Fischer and Kunz, 2004). Some of the major challenges that still need to be over-
come in order for BIM to become widely used include:
1. The absence of a single, widely accepted BIM system– software vendors have produced different 
competing (and non-compatible) BIM implementations.
2. Inadequate interoperability among computer-aided design, engineering, and software systems 
(this is described in the August 2004 National Institute of Standards and Technology (NIST) report 
entitled "Cost Analysis of Inadequate Interoperability in the U.S. Capital Facilities Industry). 
3. The size and complexity of the files that BIM systems create – For complex projects, the scalability 
and manageability of a BIM project database represents a major challenge.
4. Sharing BIM information as drawing files – Users are used to exchanging drawings created as 
views of a building model rather than sharing “smart objects” from the 3D model.
The integrated information model described in the paper overcomes several of these limitations. The pro-
posed model uses the 2D CAD drawing as the building block of the database. CAD drawings are saved in 
standard formats such as DWG, thus the problem of dealing with a variety of non-compatible software sys-
tems and files is eliminated (1). Although the use of an integrated database as a tool to store various 
types of information does not solve the issue of data interoperability completely, it facilitates user’s ac-
cess to heterogeneous sources of information significantly (2). 2D CAD files are not as large as 3D BIM files 
771
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FFG
 GIS provides the “one place to go” for a PE to retrieve the information needed to understand the 
scope of work. This process gives the PE fast access to up to date, reliable information 
 The database format of the information allows flexibility to maneuver the information in terms of 
quantity take off, costs, and dates to order materials 
 By updating the GIS model once, all the different team members can have access to the latest up 
to date information. Furthermore, the GIS model updated by one party eliminates the need to 
have the Project Manager Post, the Superintendent Post, and the Field Post 
 The GIS model allows for tracking the work progress effectively. The superintendent points to the 
work progress on the GIS model and adds relevant information such as, time of completion, per-
centage complete, inspection, errors, and responsibilities. Once in the GIS model, this information 
becomes part of the GIS database and is instantly accessible to the management team.
As mentioned in section 4, the application of the proposed system to a real construction project revealed 
some limitations which we believe can be solved in the near future. We plan to extend the system inter-
face to mobile devices such that handheld devices can be used on site to replace cumbersome computers. 
We are in the process of designing and developing a more user-friendly interface to facilitate user’s inter-
action with the system and alleviate the construction team’s reluctance to use the tool.  To satisfy the leg-
al requirements of paper-based documentation, the system could be easily programmed to generate time-
stamped daily print outs of the database contents.
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A//
application models identified in the scenario analyses the classification has been complemented and 
slightly restructured. In addition to distinguishing costs – or respectively subjects – regarding the site, the 
structure, the technical systems and the furnishings of a building two subject classifications concerned 
with the spatial systems as well as the construction site infrastructure were defined. Moreover, as depic-
ted in figure 4 the original classification of building structure element (i.e. cost group 300) were also differ-
entiated to whether they belong to the load bearing structure, the interior build-out or the exterior enclos-
ure. 
Level of details: The metadata attribute ‘level of detail’ (LoD) indicates in which detail the elements of an 
application model are specified. The vocabulary of LoDs was defined based on the established ordinal 
scale of CityGML (Kolbe et al. 2006). This scale distinguishes five levels of details: LoD 0 – regional, land-
scape, LoD1 – city, region, LoD2 – city districts, projects, LoD3 – architectural models (outside), landmarks 
und LoD4 – architectural models (interior). Nagel und Häfele (Nagel and Häfele 2007) have demonstrated 
how these levels of details can be interpreted in the domain of building information models. On the Me-
fisto platform this reference to the geometrical building and its environment has also been transferred to 
application models of other domains. Hence, the LoD an application model such as a schedule or a bill of 
quantities is determined by the detailing of the building elements that are referenced by a single activity 
or line item. To more accurately indicate the levels of detail of the identified application models the five 
LoDs of CityGML were complemented by a sixth level for those models that comprise detailed descriptions 
of building element components. Furthermore, each of the LoD classes was structured into two subclasses, 
which were described for the different model domains.
Project phase: The metadata attribute ‘project phase’ is used to specify the project phase in which an ap-
plication model was created. Throughout different countries, numerous models exist for phasing construc-
tion projects. However, they often represent simple models that do not identify the different phases from 
the owners’ as well as from the contractors’ perspective. In the Mefisto project the classification of project 
phases was developed structuring the processes of the scenario analyses in accordance to the corporate 
organizations of the industry partners. On the first three hierarchy levels it also reflects the German regu-
lations of the HOAI (HOAI 2004) that structures the duties of architects and engineers in nine project 
phases, indicated by the circled boxes. 
812
Fig. 4: Classification of subject matters in the field of construction works
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